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Abstract 
 
Alkalinity is the acid neutralizing capacity for water, meaning alkalinity measures how 
sensitive an aquatic system is to acidic inputs. Currently, there are various measuring systems for 
alkalinity available including chemical test kits, potentiometric techniques, and colorimetric 
methods. Commercially available products lack the ease of use combined with precision and 
accuracy desired for on-line process and environmental monitoring. The goal of this project is to 
develop a simplified alkalinity titration analyzer, called the easyTMT, to measure alkalinity with 
precision and accuracy comparable to the best conventional methods. The system, under 
development, uses the Tracer Monitored Titration (TMT) technique. TMT is a method that uses a 
tracer (in this case, a pH sensitive indicator) in the sample or the titrant. Tracking the tracer 
concentration eliminates the need to measure volumes of the titrant or the sample, allowing for 
the use of more economical hardware (e.g. simple pumps). The easyTMT has potential 
applications in industrial and environmental monitoring, as well as many other applications, by 
removing many potential sources of human error without sacrificing the accuracy and precision 
of lab-based techniques. As the easyTMT was developed, problems were encountered that 
required various experiments to be run including buffer studies, dilution factor studies, and 
changing system materials. These studies pointed to an adsorption and indicator precipitation 
problem. Major findings include needing to determine a set volume of titrant to use in titrations 
and to use only HPFA tubing for static mixing, unless using a surfactant with PEEK tubing as 
adsorption continued to show up as a concern. The system was applied to acid-base titrations in 
this project, but could be able to be applied to other titration applications.  
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CHAPTER 1 
Introduction 
Alkalinity is the capacity of an aqueous solution to neutralize an acid and is an important 
variable in aquatic chemistry. Alkalinity is typically controlled by the concentration of 
bicarbonate or carbonate ions present in an aqueous system. A low alkalinity level indicates that 
the water is more susceptible to pH changes, while a high alkalinity level indicates that the water 
will be able to resist pH changes by neutralizing more acid. The alkalinity may also depend on 
pH, as one can tell from the buffer curve in Figure 1 showing how different ions contribute to 
seawater buffering as pH is increased from 3.5 to 12. Alkalinity can also be used to determine 
the corrosive capacity of water and can provide an estimation of water hardness, which is a 
chemical parameter of water representing the total concentration of calcium and magnesium 
ions.  
Neutralization, the processes of counteracting alkalinity, is important for understanding 
the susceptibility of the water system to additions of acidic inputs, such as runoff, mine waste, 
and industrial process streams. Aquatic ecosystems are generally negatively affected by 
acidification by these or by natural processes. Acidification of lakes and rivers affects fish (Feely 
et al. 2010), invertebrates (Byrne and Przeslawski 2013), aquatic plants (Driscoll et al. 2001), 
zooplankton (Labaj et al. 2014), mussels and clams (Waller et al. 2016), and other organisms. 
Groups of organisms, such as coralline algae, gradually disappear as pH falls, and are replaced 
by thriving stands of invasive algae (Barry et al. 2017). This process happens not only to plants, 
but to other aquatic species as well. The ability to adapt to higher acidity (with a lower alkalinity) 
varies from species to species. Acidified water lessens biodiversity, because fewer species are 
able to adjust to pH changes (Muniz 1990; Moyle and Leidy 1992; Heino et al. 2009). 
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Understanding the processes that change alkalinity requires monitoring for both industrial 
processes and ecosystem health. High-quality alkalinity measurements are useful for estimating 
anthropogenic CO2 infiltration into aquatic systems (Martz et al. 2006), because the carbonate 
system is quantified by measuring pH or pCO2 in combination with dissolved inorganic carbon 
(DIC) or AT (Dickson and Riley 1978; Millero 2007; Spaulding et al. 2014). Measuring 
alkalinity is required to determine the ability of a body of water to neutralize acidic pollution 
from rainfall (Schindler 1988; US EPA 2012), wastewater (American Public Health Association 
et al. 1999), runoff, or other anthropogenic acidic sources. Monitoring alkalinity is also 
important in chemical and industrial processes to maintain a consistent product, to make sure all 
caustic materials are removed during purification, or to determine if anaerobic digesters are 
operating properly (American Public Health Association, 1999). 
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Figure 1. Top plot is the logarithmic equilibrium diagram for seawater (10oC). Seawater contains 
boric acid and borate; therefore, the distribution is also given. The bottom plot shows the buffer 
intensity of seawater. Seawater has a minimum buffer capacity in slightly alkaline pH range (end 
point y), which is about half a pH unit lower than freshwater (Figure from Strumm and Morgan 
2013). 
 
Corrosion is one of the health issues with acidified or alkaline conditions especially in 
pipes made from lead or copper. In municipal water systems, corrosion can create health issues, 
especially in lead or copper pipes. Corrosion may be accelerated by either low high pH, 
depending on the type of corrosion (Ma et al. 2000; Mora et al. 2002). For example, the 
catastrophe in Flint, Michigan was caused, in part, by improper treatment of water as the pH 
drifted lower, leading to metal contamination from corroded pipes and human exposure to lead in 
the water. Maintaining proper alkalinity levels is imperative to preventing corrosion in pipes. In 
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industrial systems, alkalinity is also important. Calcium carbonate is less soluble at higher 
temperature and as it comes out of solution it creates ‘scaling’, which affects boiler efficiency 
and safety.  
Dickson (1981) defines alkalinity (AT) as the sum of all common acid-consuming species 
(bases) minus all acidic-producing species using the following general expression: 
 
AT = Cbases - Cacids = [HCO3-] + 2 [CO32-] +[OH-] – [H+]        (1) 
 
Excluding any minor acid or base species, alkalinity is the excess of proton acceptors (or conjugate 
base from weak acids with a pKa > 4.5 at 25oC with zero ionic strength) equal to the number of 
hydrogen moles over proton donor species (acids with pKa ≤ 4.5) in a one kilogram sample 
(Dickson 1981).  
 Alkalinity measurement systems fall into two primary classes: chemical testing or 
titrations. Chemical-based methods use a series of indicators, acids, pH meters, or strips to 
determine values, but have diverse accuracy levels and errors. Examples of several such systems 
are shown in Table 1. Studies have existed from the late 1970s comparing and validating kits that 
measure alkalinity (e.g. WildCo Model 632-6510, Thermo Scientific™ Model 700010TS, 
HACH Models 243001, 2744850, and 2444301, API 5-in-1 aquarium test strips, and Tetra Easy 
Strips 6-in-1 aquarium test strips shown in Table 1). The kits use different techniques to measure 
alkalinity. The HACH Model 243001 uses a digital titrator, while the WildCo uses a direct 
reading titrator. Thermo Scientific™ Model 700010TS uses a pH electrode and both HACH 
2744850 test strips and 2444301 use indicators to find the pH; all three models use a pH 
conversion chart to find alkalinity. The difference between the HACH models is the test strips 
use phenolphthalein, while 2444301 uses methyl orange; this enables them to have a different 
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range of sensitivity. Using a pH chart causes large errors in the determination of alkalinity due to 
alkalinity existing at various concentrations at the same pH. These kits can provide total 
alkalinity standard measurements accurate to the true concentrations with r = 0.978 and P< 0.0, 
Table 1. Several measurement systems are available for measuring alkalinity. This table includes 
their respective ranges and errors. When more than one uncertainty is reported, the greater value 
is reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Type & 
Company
Product Name
Model 
Number
Range (umol/kg as 
CaCO3)                
*Unless Noted 
Otherwise
Error (umol/kg) 
*Unless Noted 
Otherwise
Chemical 
Test Kits
WildCo
Total Alkalinity Titration 
Kit
 623-6510 0 - 1998 40
Thermo 
Scientific™
 Orion™ Total Alkalinity 
Test Kit 
700010TS 0 - 1998 40
HACH
Total Alkalinity Test 
Strips
2744850 0 - 2398 400
HACH
Alkalinity Test Kit, Model 
AL-AP
2444301
Up to 1000                          
Up to 4000
50                                
200
API Inc. 
 API 5-in-1 aquaiium test 
strips 
Up to 1000                          
Up to 4000
50                                
200
Tetra Co.
Tetra EasyStrips 6-in-1 
aquarium test strips 
0 - 3000 750
Titrators
HANNA 
Instruments
Mini Titrator for 
Measuring Titratable 
Alkalinity in Water and 
HI84531-
01
300 - 4000                                
3000 - 40000
10 or 3% of reading  
100 or 3% of reading
Mettler 
Toledo
G10S Compact Titrator 
and G20A Compact 
Titrator
30267117 
30252669
2000 mV,                                 
20 mL Burette
0.2 mV,                    
0.2% Burette Volume
HANNA 
Instruments
Saltwater Aquarium 
Alkalinity Colorimeter
HI772 0 - 3560 54 or 5% of reading
HACH
APA6000 Alkalinity 
Analyzer
5100010
50 - 9990 as 
phenolphthalein 
alkalinity                                          
1 - 9990 total 
Better than ± 5 % of 
reading or ± 10 
umol/kg, whichever 
is greater
LENNTECH Testomat® 2000 2000 10 - 500 Not Provided
Error 
(μmol/kg) 
Range (μmol/kg as 
CaCO3) 
*Unless Noted 
Otherwise 
Product Name odel 
umber 
API 5-in  ri  t t
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but they are not suitable when a high degree of precision and accuracy is needed. However, 
reliability is limited when chemical kits are used (Boyd 1977, 1980; Boyd and Daniels 1988; 
Naigaga et al. 2016).  
 Titration systems are available in many configurations, but for seawater two techniques 
are typically used, potentiometric or colorimetric techniques. The potentiometric method 
described by Dickson (2007) for high-precision and high-accuracy determination of seawater 
alkalinity involves a multi-point potentiometric titration using either an open or closed cell. 
Closed-cell titrations allow for data to be evaluated by assuming that the total amount of 
inorganic carbon remains constant throughout the titration—besides from the dilution effect. 
Open-cell titrations use a two-stage titration where the water is first acidified to a pH between 
3.5 and 4.0, then stirred to allow CO2 to escape, then continued until the solution reaches a pH of 
3 (Dickson et al. 2007). Both total dissolved inorganic carbons (DIC) and AT can be computed 
using closed-cell titrations, though the DIC measurement is not very accurate.  Using open-cell 
titrations assumes the DIC is approximately zero in the titration region of interest and therefore 
only calculate total alkalinity. These titrations are monitored using a pH electrode and the AT is 
calculated by a nonlinear least squares (NLLS) analysis or Gran function (Dickson 1981; Millero 
et al. 1993; Dickson et al. 2007). The seawater methods are ~0.1% precise and accurate. 
Potentiometric titrators utilizing the open-cell method are manufactured by HANNA Instruments 
and Mettler-Toledo (Model Numbers HI84531-01, 30267117 and 30252669, respectively, 
among others) and have a wide measurement range and around 3% error, as shown in Table 1. 
Colorimetric titration methods determine solute concentrations by using a pH indicator to track 
the titration. This method is employed in several commercially-available instruments (e.g. 
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HANNA Instruments, Model HI772; HACH, Model Number 5100010; LENNTECH, Model 
Number 2000).  
Conventional titration systems employ a burette pump, stirred optical cell, and 
potentiometric and colorimetric probes (Millero et al. 1993; Dickson et al. 2007). Improvements 
to the conventional systems have occurred for both saltwater and freshwater parameters through 
the development of automated benchtop flow-through instruments (Watanabe et al. 2004; Gray 
et al. 2008; Li et al. 2013), automated spectrophotometric methods (Yao and Byrne 2001; Martz 
2005; Spaulding et al. 2014), and a single-point titration developed (Culberson et al. 1970; 
Afshar et al. 2017) and later modified (Breland and Byrne 1993; Yao and Byrne 1998). A 
significant development for colorimetric titrations was the innovative Tracer Monitored 
Titrations (TMT) technique, which eliminates the need for volumetric measurement of the 
sample or titrant (Martz et al. 2006; DeGrandpre et al. 2011; Sasaki et al. 2016). Researchers 
have identified the use of TMT technology as a practical path to improve alkalinity 
measurements (Martz et al. 2006; DeGrandpre et al. 2011, 2017).  
TMT is a technique that uses a tracer (in this case, a pH-sensitive indicator) in the sample 
or the titrant. Tracking the tracer concentration eliminates the need to measure volumes of the 
titrant or the sample, simplifying hardware requirements and reducing cost. Due to the more 
economical technique, titration systems will be able to be used in commercial and environmental 
monitoring, in addition to many other applications. By removing many potential sources of 
human error (e.g. in measuring sample mass or volume) and the need for high-accuracy 
dispensing pumps, the TMT technique has many advantages. To emphasize these advantages, the 
reported TMT-based instrument will be referred to throughout this paper as the easyTMT. 
Significant improvement is still required, however, in comparison to the first prototype that used 
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the TMT technology, the Submersible Autonomous Moored Instrument for Alkalinity (SAMI-
Alk) (Spaulding et al. 2014). The SAMI-Alk has a 3-mL optical cell that doubles as the stirred 
reaction cell. Active mixing by a motor-propelled stir bar ensures the homogeneity prior to 
measurement. Fiber optics deliver light to the cell for intensity measurements after each addition 
of titrant. TMT with active mixing has been demonstrated to work in the SAMI-Alk (Spaulding 
et al. 2014). A next-generation version of the SAMI-Alk, now in development will have reduced 
power consumption, size, and decreased complexity. Static mixing with a separate optical cell is 
being investigated in lieu of the actively mixed optical cell. Static mixing would reduce power 
consumption and would allow miniaturization of the system, reducing the sample and titrant 
consumption.  
The easyTMT would be the first system that uses the direct addition of the titrant-tracer 
mixture into a flowing sample stream without a constantly-mixed stirred cell. Additionally, the 
system would be a practical benchtop system that could be used for a variety of applications 
without a stirred cell. In particular, these applications would include tools for measuring 
alkalinity in on-line processes, making the system easily portable, and reducing instrument cost 
and use of consumables by using economical non-precision pumps and lower analysis volumes. 
Our goal is to obtain accuracy and precision comparable to the best methods (~0.1%) with a 
simplified fluidic design. TMT is the best candidate for reaching these design goals because the 
technique is independent of volume. At the moment, however, static mixing has posed 
significant challenges. Indicator solubility and adsorption currently dominates the problems in 
optical measurements. These problems and the titration process will be discussed in later 
sections. 
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The primary objective of this Master’s-level Professional Paper is to determine if using a 
simplified mixing scheme is feasible with the TMT. This concept differs from the DeGrandpre 
lab’s other TMT titration analyzers by employing static mixing. The easyTMT further differs from 
Fluid Injection Analysis (FIA), because FIA continuously injects titrant into the system and has 
little to no mixing before entering the optical cell.   
CHAPTER 2 
Experimental Procedure and Methods 
The colorimetric indicator, bromocresol purple (BCP)  has a second pKa = 6.494 at infinite 
dilution (Yao and Byrne 2001)). It is acidified and used as the tracer in the easyTMT. When the 
titrant is mixed with the sample, the total indicator concentration may be calculated using Beer’s 
Law. By using the original acidified indicator concentration, the dilution factor (ratio of the titrant 
to sample) may be computed.  
Determining the dilution factor removes the need to know volumes of sample or the 
acidified titrant. The pH of the titration is calculated simultaneously with the use of BCP. The two 
useful forms of BCP used in the dilution factor calculation are HI- and I2-, because the third form, 
H2I, does not exist in substantial concentrations during a seawater titration, as the pKa is less than 
1. Absorbance values are calculated by Equation 2 and absorption maxima are consistently at 434 
and 588 nm for the HI- and I2- forms of BCP, respectively. Indicator absorbance was thus calculated 
by Equation 3, 
																																																																	𝐴#$% = −log	
𝐼
𝐼,
																																																																							(2) 
𝐴𝛌 = 𝛆23 𝛌𝑏[𝐻𝐼7] + 𝛆3 𝛌𝑏[𝐼:7]																																																							(3) 
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where I is the measured intensity, Io is the blank intensity, 𝜆 is the wavelength, b is the optical 
pathlength, and ε is the molar absorption coefficient of the species at the specified wavelength.  
The tracer was monitored by calculating the dilution factor (Df) as the titration occurred, 
 
	𝐷> =
𝑉
𝑉@AB
=
[𝐼]C
[𝑡𝑟𝑎𝑐𝑒𝑟]A
																																																												(4) 
 
where V is the titrant volume, Vmix is the sample-titrant mixture volume, and [tracer]i is the initial 
tracer concentration in the titrant or sample. The [I]T is the BCP tracer concentration in the sample-
titrant mixture and is determined by calculating the total indicator in the mixture when the 
measurement is taken, using Equations 5-7 (Martz 2005; DeGrandpre et al. 2011; Spaulding et al. 
2014), 
[𝐼]C = [𝐻𝐼7] + [𝐼:7]																																																															(5) 
[𝐻𝐼7] =
𝐴KLK 𝜀3 NOO − 𝐴NOO 𝜀3 KLK
𝑏( 𝜀KLK 𝜀NOO − 𝜀NOO 𝜀KLK323323 )
																																																		(6) 
[𝐼:7] =
𝐴NOO 𝜀23 KLK − 𝐴KLK 𝜀23 NOO
𝑏( 𝜀KLK 𝜀NOO − 𝜀NOO 𝜀KLKL323323 )
																																																		(7) 
where [I]T is the total amount of the acidified and basic forms of indicator. Equations 6 and 7 
denote how the acidified and basic forms of the indicator are determined. A Df equal to one means 
that 100% of the acidified indicator solution is in the cell. 
Analyte concentration may then be calculated using Equation 8,  
 
[𝑎𝑛𝑎𝑙𝑦𝑡𝑒]% = 	
𝑄 ∗ [𝑡𝑖𝑡𝑟𝑎𝑛𝑡]C
1 𝐷>⁄ − 1
																																																														(8) 
 
where [analyte]s is the analyte concentration in the sample, Q is the reaction stoichiometry (for 
alkalinity titrations, Q is 1), [titrant]T is the original titrant acid concentration, and Df is the 
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calculated dilution factor value at the endpoint of the titration, calculated with Equation 4, given 
the proton concentration (HCl in this case). Another important parameter of the titration is the 
calculation of pH shown by Equation 9. 
pH =	𝑝𝐾_ + log`
𝑅 − 𝑒b
𝑒: − 𝑅𝑒L
c																																																										(9)	 
The pKa is BCP’s second dissociation constant, R is the ratio of absorbances (588 nm Abs / 434 
nm Abs), and e1, e2, and e3 are the molar absorbance coefficients (Clayton and Byrne 1993).  
Calculation of alkalinity was accomplished by using a nonlinear least squares (NLLS) fit to the 
pH versus dilution factor data. A residual was calculated for each titration point using the alkalinity 
balance, Equation 10, and experimental parameters that are adjusted to achieve the best agreement 
between all the data. For example, to find alkalinity for one set of titration data where all 
parameters are known except total alkalinity, the residual in Equation 10 is set to zero and the 
equation is solved for 𝐴C, 
0 = 𝐴C	f1 − 𝐷>g + [𝐻h] + [𝐻𝑆𝑂K
7] + [𝐻𝐹] − [𝑂𝐻7] − [𝐻𝐶𝑂L
7] − 2[𝐶𝑂L
:7] − [𝐼:7]
− [𝐻mAmn_omh ]𝐷>																																																																																																																		(10) 
where [H+Titrant] (same as [titrant]T above) is the acid concentration of the acidified indicator titrant 
(Spaulding et al. 2014). The alkalinity value was found when the set of residuals was closest to 
zero (i.e. minimized the sum of squares) using a computer program such as Visual Basic Solver in 
Microsoft Excel. An advantage of using NLLS for total alkalinity calculations was that fewer 
simplifications to the chemical alkalinity model were needed when compared to a Gran Plot, which 
focuses on a single region of data (Martz 2005). 
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I. Apparatus Design 
 
.
 
Figure 2. Schematic of the easyTMT alkalinity titration analyzer. 
 
The easyTMT employs a novel design to perform the simplified alkalinity titration (Figure 
2). There are two solution entry lines: one line introduces the sample (shown as “Carbonate 
Standard” in Figure 2 and the other provides an acidified indicator solution comprised of BCP and 
HCl. Fluid connections between parts (signified by blue and yellow arrows) were made using 1/16” 
OD tubing. The 50µL pump was acquired from Lee Manufacturing (Model number: 
LPLX0503100AA) and the smaller 10µL pump was from Takasago (Model number: MCP-50-7 
used after the older MCP-50 stopped working). The differences between the two Takasago pumps 
include that the MCP-50-7 pump is Teflon and could only be adjusted down to 15µL per pump 
pulse, while MCP-50 could be adjusted down to 3µL per pump pulse.  The valve was a 3-way 
WasteNeutral	Density	
Filter
434	nm
LED
538	nm	LED
Beam	
Splitter
Detectors
Valve
50	μL
pump
10	μL
pump
50	μL
pump
Valve
Z-Cell
Static	
Mixing
Acid-IndicatorCarbonate	Standard
TFX-11Computer
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valve from NResearch Inc. (Model number: 161K031). The mixing cell portions were static mixers 
from Analytical Scientific Instruments followed by 1/8” OD PEEK tubing as an equilibration zone. 
TFX-11 is a Tattletale Flash eXpress data logger/controller engine made by Onset Computers 
which allows programming in a user-friendly TFBASIC language.  
II. Titrations  
 
The beginning of the titration program clears the sample lines by flushing them with 
sample to remove any residual acidified indicator or sample from the previous titration (refer to 
Figure 2). After flushing, dark signals and blanks were collected. A slug of acidified indicator 
titrant was injected into the system using the pump/valve system (see Figure 2) at 50µL per pulse 
using a solenoid pump followed by sample introduction using another solenoid pump. The 
solutions were mixed statically with one or more devices: 
• ASI HyperShearTM mixers: Models 411-0250B, 421-0250B, and/or 421-0500B 
• 1/8-inch OD, 1/16-inch ID PEEK tubing; 
• 1/8-inch OD, 1/16-inch ID Versilon tubing 
• 1/8-inch OD, 1/16-inch ID HPFA tubing 
• 1/16-inch OD, 1/32-inch ID HPFA. 
After the mixers, the titration solution entered into a z-cell (Figure 3) with a one-centimeter 
pathlength. Light from modulated LEDs at 434 nm and 590 nm for BCP (Roithner Lasertechnik, 
LED435-12-30 and B5B-434-TY, respectively) and 434 nm and 578 nm for Chlorophenol Red 
(Roithner Lasertechnik, LED435-12-30 and B5B-433-20, respectively) was transmitted to and 
from the flow cell via 800-micron diameter optical fibers. The LEDs were allowed to warm up 
for one second before collecting blank absorbance measurements and turned off before the 
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titration began. Before each titration measurement was collected, the LEDs were again warmed 
up for one second, kept on for 30 seconds to take the measurement, and turned off afterward. 
 
 
Figure 3. Z-Cell schematic shows how the 800-micron fibers come into the cell, forming the one-
centimeter pathlength inside. The graphic also portrays how the fluid flows into the cell in the 
shape of a “Z,” hence the name “z-cell” (from Darlington 2017).  
 
The absorbance of the sample at the two analysis wavelengths was determined by modulating the 
light from two LEDs at the desired wavelengths (rapidly switching from one LED to the other); 
modulation was key to cause only one wavelength to pass through at a time while the respective 
intensities were measured. The 50:50 beam splitter (Figure 3) sent half the light through the z-cell 
to measure the sample and the other half through the reference fiber to the detector to account for 
any drift in the optics. The beam splitter process is presented in Figure 4 and the optics portions of 
the easyTMT are shown in Figure 5. 
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Figure 4. The 50:50 beam splitter sends half the LED light to the signal fiber and the other half to 
the reference fiber. The signal and reference fibers lead into the detector box where the two 
photodiodes measure the intensities (Darlington 2017).    
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Figure 5. TMT-system layout of the optical board and fibers, circuit board box, and z-cell. Parts 
are as follows: (1) signal fiber, (2) reference fiber, (3) circuit board in detector box, (4) waste 
beaker, (5) titration flow-out line, (6) z-cell, (7) titration flow-in line, (8) 434 nm LED (in beam 
splitter housing), (9) 588 nm LED or 578 nm pending on indicator used (in beam splitter 
housing), and (10) beam splitter. 
 
 
The transmitted (signal) intensity was measured by two photodiodes in the detector box.  Data was 
downloaded and then analyzed in Microsoft Excel using the above equations to determine 
absorbances.  
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Figure 6. Depiction of the inside of the tubing connecting of the easyTMT during a titration, 
showing the flow and gradient formation points. The (A) portion is the “front” titration, (B) is the 
section that is mostly titrant and drops the pH below 5 (based on the proton concentration of the 
indicator), and the (C) portion is the “back” titration. Essentially, the front titration (A) denotes 
where indicator shifts the sample down the tubing, while the back titration (C) shows where the 
sample is where the acidified indicator (tracer-titrant) moves through the system. Gradients occur 
due to partial mixing and diffusion in the system. Gradients are at a maximum when the titration 
progression is switching between section A and section B as well as between section B and section 
C, and are made even steeper because of the titration pH changes. The amount of indicator in the 
z-cell was much greater when section B was in the cell, but can never be pure titrant due to some 
mixing while that portion flows through the system.  
 
An intrinsic feature of the easyTMT system is that the instrument generates two titrations 
per sample, as both the front and back of the sample zone provide concentration gradients of the 
acidified indicator solution along their respective edges in the tubing (Figure 6). These gradient 
zones provide the two titration curves. In Figure 6, flow in the tubing and gradient formation are 
described. By analyzing both titrations, a comparison can be made to help clarify the processes 
that control the performance, precision, and accuracy of the measurement, and to help the 
researcher monitor the results. Due to injecting the acidified indicator as a discrete volume that 
occupies a small zone in the tubing, there will always be a gradient on each edge of the acidified 
indicator domain produced by mixing between the acidified indicator domain and the sample 
domains on either side. This concentration gradient produces the titrations as discussed in Chapter 
3.  
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CHAPTER 3 
Results and Discussion 
I. Ideal-Working easyTMT  
 The easyTMT is a simple system with a complex response and many interlocking 
variables that affect each other. If one variable is changed, the effect is shown across the system. 
For these reasons, it was vital to break the system down into manageable components to 
understand how the system responded to changes. These components included indicator 
variables, mixing variables, and z-cell variables. Theoretically, the easyTMT should not rely on 
flow rate and should be able to adjust to varying pH and alkalinities of the sample. However, we 
discovered this is not the case. The easyTMT should also have overlapping front and back 
titration curves for both the titrations that occur. However, due to the nature of the flow profiles 
and other issues explained in detail after establishing the primary variables that affect 
performance, the curves are vastly different (refer to Figure 7 as a titration example). In most 
conditions, there was a clear separation of a front titration and a back titration viewed by 
analyzing the results and seeing a slug mostly comprised of acidified indicator sandwiched 
between two concentration gradients with the sample. 
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Figure 7. Titration data for an alkalinity standard (2335 µmol/kg solution) using acidified 
indicator ([BCP] = 8.62x10-4 mol/kg and [H+] = 4.06x10-2 mol/kg) titrant solution. Both standard 
and acidified indicator had sodium chloride backgrounds, because of our lab’s interest in 
seawater analysis. Plotted lines show the front and back titrations that occur during a typical 
titration. The front titration (gold lines) denote when indicator shifts sample forward while the 
back titration (teal lines) show when the sample moves the indicator further as the tracer-titrant 
moves through the system (see Figure 6). Plot (A) shows the absorbance vs. dilution factor and 
Plot (B) the pH vs. dilution factor. The teal and gold lines are the full titration data of both the 
front and back titrations with the markers to show the data used for the non-linear least squares 
fit (NLLS) analysis to calculate alkalinity. 
 
II. Understanding Aspects that Control easyTMT Performance 
Many variables influenced the performance of the benchtop titration system. This section 
will address the effects of the titrant volume, titrant pH, titrant indicator concentration, and z-cell 
orientation. 
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Currently, the SAMI-Alk (Spaulding et al. 2014) adjusts automatically to different 
alkalinities by adjusting the volume of the titrant injected to the SAMI-Alk system. One 
anticipated issue with the easyTMT was that running different alkalinities and pH values of 
various aquatic sources would require on-the-fly adjustments. As mentioned previously, the 
SAMI-Alk uses a mixed stir cell and drops the pH to 5.2 (Spaulding et al. 2014), then slowly 
titrates the reaction to completion around pH 4.0. Not only can the volume of the indicator be 
changed, but operators can change the pH of the indicator to use a consistent volume of titrant 
while still having a usable titration (meaning adequate points in the pKa range of the indicator 
being used).  
For the sake of clarity and step-by-step organization, the components and variables are 
discussed first in “Understanding Aspects that Control easyTMT Performance” Many issues that 
were encountered in experimentation actually emerged at the end of the process and thus 
informed the previous findings and interpretations. However, understanding the variables at play 
and how the researcher was implementing them is necessary to fully understand the construction 
and experimental processes, so the variables are explained in detail here. Later, the problems 
encountered will be explored and discussed in the “Classes of Problems” section to make clear 
how the process and variable interpretation converge. 
Changing Titrant Volume and the Variables that Titrant Volume Controls 
The acidified indicator titrant is the acid in the acid/base titration and the indicator tracks 
the amount titrant in the sample/titrant solution and it is important that it is well understood. 
Most tests were run by injecting a small volume of titrant into one mixer (typically 50 µL of 
acidified BCP) and increasing the added indicator volume to reach or exceed volume of the 
mixer. Changing the volume of injected indicator changes factors including absorbances and pH 
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drop (higher or lower absorbance values and drop in pH depending on amount of titrant in the 
system). Injected volumes are obviously a function of the chosen titrant pump and the plumbing 
of the system. 
The titrant pump (Figure 2) was tested with a 20 µL BioChem pump and using a 50 µL 
Lee Pump. By using the BioChem pump, rather than the Lee pump, the volume of the acidified 
indicator could be changed to study titrant interactions at a finer resolution by virtue of its 
smaller pump stroke. When using a z-cell with a longer pathlength, having a smaller volume 
pump could be advantageous. Pumping a smaller amount of titrant should allow a longer mixing 
time, and a less concentrated indicator could also be used when compared to a longer pathlength 
z-cell. These factors of z-cell pathlength, size of volume jump, and longer mixing time 
influenced instrument precision and thus affected results in various ways that were unanticipated. 
These interactions and problems are discussed in detail in section “Classes of Problems.”  
One can see the effect of changing the volume of titrant injected in the system with same 
mixing parameters in Figure 8 where more titrant was used resulting in a higher the resulting 
dilution factor. More indicator in the system increases the absorbances as the titrant slug is 
wider/longer, causing less total mixing and possibly more adsorption. Issues affecting the 
titration results, such as reagent adsorption, are addressed in the “Classes of Problems” section 
later in this chapter.  
In Figure 8, the left panels show the absorbance and pH versus dilution factor plots, while 
the right panels show absorbance, pH, dilution factor, and BCP concentration differences 
between trials versus time from the start of the titration plots. All the left panels show the versus 
dilution factor plots and time from start plots to provide key insights into how the easyTMT 
responds to changing variables and run conditions. The top left figure shows absorbance versus 
22 
 
 
dilution factor and aids in understanding trends of the acidic and basic forms of the indicator. 
Over time, the 588 absorbance shows the basic form of the titrant; the 588 absorbance decreases 
as the dilution factor value increases. However, the 434 absorbance represents the acidic form of 
the titrant and the 434 absorbance value increases as the dilution factor value increases. The 
bottom left figure is pH versus dilution factor and is the primary plot for determining where the 
endpoint is, or should be, based on the titrant acidity. Theoretically, both the absorbance and pH 
values should be the same with the same dilution factor value. However, this was not the result 
for the majority of titrations performed. For example, in a dilution factor of 0.3, represented by 
gold lines, gave both a pH of 6 (back titration) and 6.5 (front titration). The non-matching data 
points were a cause for concern and were later investigated. Discussion follows later in the 
chapter.  
 The right panels of Figure 8 all show “time from start” plots. The top right plot shows 
absorbance versus time from start of the titration and can be best understood by referring to 
Figure 6. The three sections (A, B, and C) in the titration flow profile (Figure 6) correspond to 
various portions of the absorbance versus time from start of the titration plot (Figure 8). Section 
A represents a mixture of the basic and acidified forms of the titrant; therefore, both the 588 
absorbance and 434 absorbance values are present in the start of the titration. As the titration 
continues, section B is primarily the acidified form of titrant, and only the 434 absorbance peak 
is prevalent. In the back titration, both the 588 absorbance and 434 absorbance values are again 
present, with the 588 absorbance being more prevalent as the titration solution becomes more 
basic. Essentially, the top right plot (Figure 8) links into understanding how the system is mixed 
over time as the absorbances track the “tracer” used in the titration. Again, higher absorbances 
correlated to more indicator in the system. The pH versus time from start of the titration plot 
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(second from the top, on the right) shows when the solutions become acidic and basic during the 
titration. The dilution factor versus time from start of the titration plot (second from the bottom, 
on the right), shows how a higher volume of indicator in the system corresponds to a higher 
dilution factor value that takes longer to elute than having a smaller volume of titrant. By 
examining the timing of when and how fast the solutions change acidity and concentration 
corresponds to mixing changes or other systematic changes, which in turn helps with 
determining how to improve the system’s components for better precision. The bottom plot on 
the right shows the BCP concentration differences over time. This plot in particular is helpful in 
watching how the indicator concentration changes; the indicator typically increases as the 
number of titrations increase in a set and can also be tracked by the increasing absorbance values 
over time. Looking at solely the dilution factor plots does not adequately provide helpful 
information, as timing of the titration is also key to understanding how factors influence the 
titrations. Note: the left and right panel plots described establish the common layout of all the 
figures in this paper.  
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Figure 8. Two sets of freshwater BCP titrations show changes in injected titrant volume. The 
more indicator present, the higher the absorbance and the higher the dilution factor. Titration run 
conditions: 300 µL BCP (gold) and 600 µL BCP (black) were injected into the system and 
standard [ALK] = 2292 µmol/kg. For determining the front and back titrations and the 588 nm or 
434 nm absorbance traces, refer to Figure 7. The titration trace patterns in Figure 7 are consistent 
throughout this paper.  
 
Changing Titrant pH Acidity and Factors to Control Titrant Acidity 
Varying the titrant acidity changes the theoretical endpoint of the titration, based on TMT 
theory, and changes the amount of titrant needed to drop the titration pH into the useable titration 
range. For example, when using the same mixing parameters, but making the titrant more acidic, 
the titration pH decreases faster and there are fewer points in usable titration area (see Figure 9). 
588 
434 588 
Back 
Front 
Back 
Front 
588 
434 
25 
 
 
Essentially, the more concentrated the titrant, the less titrant the system needs to lower the pH. 
This was difficult to balance due to the varying pH and alkalinities of the samples that were run 
and is a challenge for future development. For example, running a less-acidic titrant can titrate an 
alkalinity standard of 1500 µmol/kg, but will not fully titrate a 3000 µmol/kg standard, given the 
same volume of titrant and titration set-up used. Referring to Figure 9, both titration sets had the 
same run conditions, including alkalinities. Only the titrant acidities varied. The more basic 
indicator did not reach the titration endpoint (0.90) while the other titrant reached the endpoint of 
0.55. This test can be comparable to using a higher and lower alkalinity standard with the same 
titrant.  
To maintain an adequate number of points in the usable titration range, one can increase 
mixing volumes, decrease pump titrant volume further, or decrease the sample pump volume to 
allow for longer retention of the solution for mixing and a longer measurement time. The 
acidified indicator volume would be varied; other changes mentioned would require hardware 
changes that cannot be done on-the-fly. Of course one is limited to the available pumps on the 
market. There is no commercially available solenoid pump which pumps less than 15 µL that 
will work with the easyTMT configuration. There are precision pumps (gear or syringe pumps) 
that can vary the volume and carefully control flow rate, but that would defeat the purpose of 
providing an inexpensive alkalinity titration system. Solenoid pumps have low power 
requirements and are inexpensive compared to precision pumps. Granted, alkalinity differences 
between the two will also cause a vast difference in how much acid is needed to neutralize the 
sample, but the attached, bagged indicator has a fixed acidity. If more acidified titrant must be 
added to complete a titration, mixing dynamics and profiles will change as well. As 
demonstrated, changing the volumes pumped changes the reaction timing and affects all of the 
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titration plots (refer to Figure 8). In turn, it can affect the precision of the instrument. The 
easyTMT is more affected by changing the acidified indicator pH than the titrant concentration 
(shown in Figure 9 and by comparing plots to Figure 8).  
 
Figure 9. Two sets of freshwater CPR titrations show how changes in titrant pH change the 
titration data. The more acidic, the faster the titration and lower the dilution factor is for titration 
completion. Titration set-up and run conditions: a 500 µL coiled section of HPFA, 1/8” OD 
tubing, 1 cm PEEK z-cell, indicator: [CPR]= 5.82 x10-5 mol/kg, [H+] = 1.87x10-3 mol/kg (blue) 
while [H+] = 2.69x10-4 mol/kg (red). Calculated alkalinities are depicted in the top of the dilution 
factor plots.  
 
Changing Indicator Concentration 
Varying the concentration of the indicator has a similar systemic effect to changing the 
overall volume injected into the system. The concentration of the indicator is independent of the 
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amount of hydrochloric acid. Concentration of the indicator affects only the absorbance 
measurements. However, if a larger volume of titrant is used to complete the neutralization of the 
sample, then more tracer is also injected as the titrant contains both indicator and acid. The issue 
here is that the more titrant injected, the more concentrated the indicator will be in the static 
mixing system, which will affect absorbances and possibly adsorption. If more titrant is 
employed, the absorbances are likely to extend beyond the preferred absorbance range for 
optimum sensitivity and linearity. Figure 10 depicts the effect of decreasing the indicator 
concentration by half while maintaining the same mixing components for freshwater BCP. Using 
a less concentrated, acidified indicator titrant showed fewer issues with precision over time.  
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Figure 10. Two sets of freshwater BCP titrations show the change of cutting the BCP 
concentration in half. The more indicator present, the higher the absorbances and the more the 
dilution factor changes over time. Titration set-up and run conditions: 500 µL Analytical 
Scientific Instrument static mixer, 1 cm PEEK z-cell, indicator: [BCP]= 5.08 x10-5 mol/kg 
(purple) and [BCP]= 2.96 x10-5 mol/kg (red), [H+] = 9.96x10-4 mol/kg. Calculated alkalinities are 
depicted in the top of the dilution factor plots.  
Change Z-cell Orientation 
After modifying the easyTMT system components, an experiment was needed to test 
whether the orientation of the z-cell affected titration results. The position of the z-cell was 
modified as shown in Figure 11. The orientation did not affect the outcomes of the dilution 
curves (see Figure 12), but there was some time difference that could cause some differences in 
reproducing titrations. These differences were attributed to the gravitational potential exerted on 
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the system’s fluid flow, primarily due to the differentiation of the height of the output waste tube, 
as the tube is relatively higher when the z-cell is horizontal in comparison to a vertical z-cell. 
 
  
 
Figure 11. Side (A) depicts the z-cell in a vertical position while (B) shows the z-cell in a 
horizontal position. All the titrations were run with the z-cell in the vertical position, except for 
(B), as noted.  
A B 
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Figure 12. Two freshwater BCP titrations showing the differences in a vertical (green) vs. a 
horizontal (blue) z-cell. Titration set-up and run conditions were the same: 500 µL Analytical 
Scientific Instrument static mixer, 1 cm PEEK z-cell, indicator: [BCP]= 5.95 x10-5 mol/kg, [H+] 
= 9.81x10-4 mol/kg, and 350 µL BCP was injected into the system.   
 
III. Titrations 
Saltwater BCP Titrations 
Saltwater titrations did show promise, but the constructed benchtop testbed was meant to 
be used for freshwater applications, so they were not pursued extensively. The following sets of 
data provide a glimpse into the attempts to develop a working, miniaturized titration system for 
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alkalinity. In Figure 13, the older Takasago pump was used and could be adjusted to 6 µL per 
pulse. There was better agreement between front and back titrations, meaning that the agreement 
is better with the front and back titrations from subsequent runs leading to a better standard 
deviations and more consistent results. The better agreement occurred while the smaller volume 
pump was used. This was most likely due to the residence time being increased (van der Linden 
1982). Titrations and experimental runs were run using a vertical z-cell (Figure 12).  
In these experiments, BCP titrations typically showed patterns as displayed in Figure 14. 
The evident stepping was attributed to adsorption taking place over time. Blanks were not 
changing as verified by constant analysis of the blank absorbances, intensities, and blank ratio 
(blank ratio is explained in Spaulding et al. 2014). Looking at Figure 14, pH vs Time from Start 
plot (middle, right) shows how over time more acidified indicator is measured and drops the pH 
sequentially as the run number increases. That same trend was presented in both the absorbance 
and the dilution factor vs. time plots (also on the right side). The shifting was apparent in the 
analysis, and presented a problem for precision. In addition, the titration dilution factor plots 
(left, Figure 14) show differences which we attributed to the standard deviation being ±124 
µmol/kg. Initially we thought the plots were just shifted to the right in every titration. However, 
after checking the slopes of a few titration runs (linear regression - Igor Software – see Figure 
15) this was found to be false. The slopes do not match, indicating that there were differences in 
mixing or between the titration runs causing the precision to decrease. The slopes do not align 
most likely because conditions of the system change between titrations, causing a different 
response each time.  
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Figure 13. These plots are 20 titrations with sodium chloride backgrounds, using a 150 µL 
Analytical Scientific Instruments static mixer with 150 µL BCP indicator. The back titration had 
the best standard deviation of all the runs with a calculated alkalinity value or 1762 ± 6 µmol/kg. 
The actual alkalinity of the standard was 2035 µmol/kg. Here, the system shows the 
reproducibility it can have, but the system changes in precision over time, as will be further 
discussed throughout this document. Additionally, the front and the back titrations were vastly 
different. The back titration had lower absorbances (for the 588 nm wavelength), lower dilution 
factors (for the same pH as the front titration), and a longer, more drawn-out dilution factor plot 
for the back titration.  
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Figure 14. “Stepping,” or a shifting trend, was shown in saltwater BCP titrations, freshwater 
BCP titrations, and buffer studies. The time plots on the right show the trend more clearly than 
the dilution factor plots. The first run in the set is represented in red and the last in purple. 
Chlorophenol red (CPR) titration runs did not show this extreme shifting that BCP continuously 
showed. 
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Figure 15. Linear fits of three of the eight runs from Figure 14 (bottom right). These fits show 
how different titrations could be using BCP with sodium chloride backgrounds. By assigning 
linear fits, the data was able to be normalized and compared on the same basis using the slopes. 
Solely looking at the time plots in Figure 14 it appears that the titrations are only shifting, but the 
varying  slopes tell a different story. This was not the case as shown in this figure.  
 
Reproduced titrations with sodium chloride backgrounds did not equate or correspond to the  
data from reproduced titrations without sodium chloride backgrounds, even with the same 
conditions. This was attributed to sodium chloride backgrounds offering better reagent solubility 
due to a higher ionic strength. Freshwater did show promise initially (refer to figures above), but 
over the course of many trials reproducibility become nearly impossible and shifting occurred 
more frequently.  This issue is discussed more in the “problems” section later in this chapter, 
under “Solubility and Precipitation Issues” and illustrated by Figure Figure 47 and Figure 48. 
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Freshwater BCP titrations were then studied further, because the research from saltwater did not 
directly correlate to freshwater titrations 
   
Freshwater BCP Titrations 
 Titrations with BCP in freshwater initially showed promise. In fact, one set of titrations 
had an alkalinity standard deviation of ± 1 µmol/kg (see Figure 16 and Figure 17). These plots 
show the data from the very first titrations run using BCP with freshwater solutions. The newer 
Takasago pump was used to run both the red and black titration sets; the 50 µL Lee pump was 
used for the green set of titrations. Using different pumps was justified by a desire to determine if 
titration differences stemmed from fluid retention time of the pumps. A larger pump should, 
theoretically, produce results showing smoother titration lines but fewer points than a smaller 
pump. Figure 16 did show smoother curves compared to the red titration set using the Takasago 
pump. However, there was a glimmer of positive results using the Takasago pump with the black 
set of runs. The alkalinity was calculated to be 2170 ± 1 µmol/kg; the actual alkalinity standard 
was 2152 µmol/kg. Upon replication of this phenomenal run set, after two days, the standard 
deviation exploded to ± 250 µmol/kg, a significant difference.  
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Figure 16. Titration dilution factor plots with the same data as represented in the time plots in 
Figure 17. The data exhibits the first sets of titrations run with freshwater and acidified BCP as 
the titrant.  
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Figure 17. Figure 16 and Figure 17 both demonstrate the slight differences evident from using 
two different pumps to run the titration.  
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Figure 18. Titration dilution factor plots of 50 sequential titration runs. Titration runs were 
broken up into four components; blue was the first run, red was the 2-23 titration runs, black was 
the 24-49 titration runs, and green was the last titration run. 
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Figure 19. Time from start plots of 50 sequential titration runs. Titration runs were broken up 
into four components; blue was the first run, red was the 2-23 titration runs, black was the 24-49 
titration runs, and green was the last titration run. Shifting from the first, middle, and end runs 
unmistakably exists. 
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Another aspect of the BCP freshwater titrations was determining if there was a pattern to 
the shifting or if there was a point where the titrations began to overlap over time, essentially to 
see if the material reached a certain “coated” or “saturated” point. At this point, adsorption was 
considered to be the primary issue and is discussed in later sections. Many conclusions can be 
drawn from running 50 sequential titrations (refer to Figure 20). Titration runs were broken up 
into four components; blue was the first run, red was the 2-23 titration runs, black was the 24-49 
titration runs, and green was the last titration run. The titration dilution factor plots show some of 
the spreading and variation over the 50 titration runs (see Figure 18), but the titration time plots 
emphasize the primary differences from the start, middle, and end of the titrations ( 
  
Figure 19). One of the most important pieces of information from these 50 titration runs 
was from the BCP concentration difference plot (bottom plot of  
  
Figure 19). Concentration differences were found by subtracting the run of interest from 
trial 2. This way, there was a benchmark concentration for each point of the following titrations 
and differences could be distinctly portrayed. As the concentration increased on the front, the 
plotted values decreased (became more negative); the opposite was true for the back titration, the 
larger differences were larger, more positive numbers. The front and back titrations switched at 
the 300-second tick mark on the x-axis. The first titration run (blue) was plainly on top during 
the front titration and stayed at the bottom of the curve amplitude for the back portion of the 
titration. The last titration run (green) was at the bottom of the curves in the front titration and at 
the top of the curves in the back titration. The last titration had the largest difference from the 
start of the titration, meaning there was more indicator measured in the last titration than the first. 
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This conclusion was also shown in the titration dilution factor plots (Figure 18). With this 
shifting around, one hypothesis was that indicator was sticking somewhere in the system. This 
was tested by running NaOH through the system and measuring the absorbances. Another 
hypothesis was that pumping oddities may have caused the different positions of the peaks.   
After the 50-titration set, the indicator line was disconnected and the alkalinity standard 
was flushed while I monitored intensities. The alkalinity standard removed some of the indicator, 
showing that flushing does clean the system before running the titrations (Figure 20, large purple 
triangle inflection line, going from bottom left to right). The standard line was then converted to 
pump solely NaOH. The results of the testing also showed an inflection during the first base run, 
proving that there was indicator left in the system and that flushing with the standard did not 
fully remove it. The black lines represent the first run and the purple lines represent the second 
run (round and triangle points represent standard; NaOH is represented by hourglass points; both 
in Figure 20). 
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Figure 20. Signal intensity vs. time from the start of the titration plot indicated the presence of 
BCP. Data were from running standard though the system, followed by base. Signals around 
39000 are 434 intensities and those around 40500 are 588 intensities.  
 
 One way to condition the system was to flush the titration system before performing any 
experiments. Initially, it was believed that flushing only with standard was enough to remove the 
residual solutions from the previous runs. As shown in Figure 20, this was not sufficient. After 
the easyTMT was better understood, the conditioning became an important feature for 
determining true trends when running experiments and titrations. When performing titrations, 
Figure 21 shows two sets (red and black lines) were run normally, without any flushing with 
base, acid, or 18 MΩ water; only standard flushed the system before running the titrations. The 
other set of titrations was flushed with the solution trifecta (green lines). Data showed an overall 
decrease of dilution factor as well as the fact that the absorbance decreased when flushed with 
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base, acid, 18 MΩ, and standard before running the titration set. Without flushing, absorbance 
continuously increased over time in addition to the dilution factors increasing. The dilution factor 
was directly correlated with alkalinity values; as the dilution factor went up, so did the calculated 
alkalinities. The highest alkalinities were found without flushing the system, while flushing with 
base and other solutions gave lower alkalinities and a better standard deviation. Moreover, after 
flushing, calculated alkalinity values were slightly higher than the second set of runs with no 
flushing. This showed a decrease of alkalinity over time and demonstrated how indicator buildup 
can occur; after flushing, the values did increase.   
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Figure 21. Three sets of titrations displaying two sets without flushing (red and black lines) with 
a series of NaOH, HCl, 18Ω water, and standard before experiments and one set with flushing 
(green lines). Over time, absorbances increased without flushing and stayed more consistent with  
flushing.  Flushing with solutions besides base gave a better standard deviation than without 
flushing.  
 
 A longer pathlength was also explored with freshwater BCP titrations to reduce that 
amount of indicator required. The 5 cm pathlength was meant to help cut down the indicator 
concentration and thus decrease the adsorption of the BCP on PEEK. Initially, a longer 
pathlength did show potential with a standard deviation of ± 11 µmol/kg (Figure 22), but when 
reproduced, the standard deviation increased to ± 34 µmol/kg (Figure 23) for the calculated 
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alkalinities. The issues with using a longer 5 cm pathlength for an optical cell are further 
discussed in the “Classes of Problems” section below. 
  
Figure 22. Titration set using BCP in freshwater with a 5 cm pathlength. With the experiments 
run, the 1 cm pathlength proved to be a better choice moving forward. 
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Figure 23. Replication of Figure 22 data to partially determine if a 5 cm pathlength would be 
helpful in future titrations.  
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titration.  It is not sensitive in the pH range of interest and led to unusable absorbances in the 
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were much more reproducible than BCP as discussed and shown below (Figure 41). 
Chlorophenol red’s pKa does allow usable absorbances and was tested with titration experiments. 
CPR does come closer to BCP’s pKa, but is also 77 times more soluble (Sigma-Aldrich 2018a; 
b). 
The plots in Figure 24 represent the first CPR titration trials. The reproducibility of the 
titrations gave surprising precision. Every point was perfectly overlaid for ten runs. This was 
never seen with BCP. The bottom plot shows a zoomed in area of the top plot, focused in on the 
topmost of the 434 absorbance curves to show the precise overlap CPR provided. This data 
motivated me to focus solely on using CPR, and shaped the remaining easyTMT research. 
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Figure 24. The data that inspired the switch to CPR from BCP. The overlapping created here, by 
using the CPR indicator, had far better overlap and precision than any titration run completed by 
BCP. The abnormality shown in the top panel, specifically the two curves that are similar shapes 
(the 150 µL indicator) is from not having enough acidified indicator to perform the titration. The 
CPR concentration was enough for useable absorbances during the titrations with 150 µL 
indicator, however with the acidity being at a pH of 3, the more was acid needed to perform the 
titration. Hence, the lack of strong 434nm peaks with the 150 µL indicator, which corresponds to 
the acidified form of the indicator. The 300 µL of acidified indicator was enough to perform the 
titration. The legend colors represent one run of the titrations listed. However, the symbols do 
correspond to the full titrations.  
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alkalinities using NLLS. Once the pH was below 4.5, the titration sets had a very low standard 
deviation (much better than BCP). Quite a few of the CPR titrations were not run to a low 
enough pH due to using incorrect molar absorptivities in calculations. None of the data displayed 
in the figures of this paper used incorrect molar absorptivities. When the calculations were fixed, 
pH and dilution factors were adjusted and still were not always where they needed to be. There 
were also reproducible runs that showed the front titration and back titration value varying by 44 
µmol/kg, but both titrations had a STDEV = 9 µmol/kg. The best titrations with CPR used PEEK 
tubing and 5% w/w surfactant in the indicator.  
CPR and CPR with SDS surfactant was studied further to attempt to minimize adsorption, 
which was hypothesized as a problem. The surfactant was included to disrupt the interaction 
between the indicator molecules; the indicator was thought to be forming micelles with itself, 
settling out of the titrant, and adhering to the walls. Both sets of titrations (Figure 25) had fairly 
decent alkalinity standard deviations (in the front titrations, of ± 16 µmol/kg [CPR only] and ± 5 
µmol/kg [CPR with SDS]). The titration runs with surfactant continuously showed higher 
absorbances and more consistent patterns between titration runs (highlighted in Figure 26). 
Furthermore, on the [CPR] Difference between titrations (bottom right plot), the last two titration 
runs with only CPR did have different patterns than with the previous titrations. In fact, more 
indicator was seen in the beginning of the titration and less was seen toward the end of the 
titration. The differing pattern may be from adsorption, discussed in later sections.  
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Figure 25. CPR titrations depicted above showed the difference between using CPR (gold and 
red) and using CPR with SDS surfactant (black) with 495 µL PEEK tubing.  
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Figure 26. Same titration data in Figure 25, but only displays the titration runs with CPR and 
SDS surfactant. These plots show the consistency of using surfactant between the titration runs 
to form the titration set. The overlap of the lines was better than using solely CPR, and far better 
than using BCP.  
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Figure 27. Flushing with NaOH was not needed if using CPR with SDS. These plots showed that 
over time, titrations can be run sequentially without the vast drifting or shifting seen with 
freshwater BCP runs. The first titration set (red) was eight titrations run back to back with 
flushing with NaOH, 18Ω water, and alkalinity standard before running the titrations. Titrations 
with no flushing were run directly after those eight runs (black). The agreement between the 
plots was quite similar and these similarities were attributed to using the SDS surfactant. Other 
sets of titrations have been compared throughout this paper and have not shown such 
reproducibility over 13 titrations. However, the standard deviations found with these titration sets 
were better than others, but still could be improved.  
 
 
To understand the easyTMT system, the titrations above were explored, but there were many 
issues found over time and between individual titration runs for replication. Regardless of the 
success, to find out why these titrations were irreproducible overall, the system was broken down 
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and each component was investigated to figure out the source(s) of the issue(s). Classes of 
discovered problems make up the next section.  
a. Classes of Problems 
Many problems arose in tests of the easyTMT, including a constant offset of the pH vs. 
Dilution Factor plots (refer to figures throughout this section). The dilution factor was constantly 
greater than the theoretical endpoint (as determined using TMT theory). Hypothesized sources of 
error included calculation errors, program code errors, and operator errors. Since the pH vs 
Dilution Factor plot was the primary figure being dissected, all calculations leading up to finding 
the pH and dilution factor were examined. After verifying all calculations and comparing codes 
across the titration runs, the first two hypotheses (calculation error or program code error) were 
proven wrong. Possible user error(s) were then scrutinized, but after performing sets of titrations 
with identical conditions, answers eluded us. Photos were taken to make sure everything was 
precisely consistent with other titration runs, but no answers emerged as to why the dilution 
factor was so much greater than it should be. The primary inconsistency was that the dilution 
factor was much greater for the front titration than the back titration. The following studies were 
explored to determine what was being missed and to determine the problems in the system.  
Buffer Studies  
To understand the effects of the indicator on the system, buffer studies were performed 
and run using the titration program. This way, I tracked how the indicator varied as it was 
injected into the system and left without background solution differences. Multiple pH solutions 
were prepared with Hydrion buffer standard pills (pH 4: potassium bipthalate, control number: 
224008; pH 5: disodium phosphate and potassium bipthalate, Control number: 226400; pH 7: 
disodium phosphate and monopotassium phosphate, Control number: 218015; and pH 10: 
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sodium carbonate and sodium bicarbonate, Control number: 21550), stirred overnight, and then 
divided into two bottles. One bottle was used as the standard and the other bottle had added 
indicator. Both solution matrices were the same apart from the added indicator. Since the pH 
calculations were found to be correct, the dilution factor calculation and values were more 
closely studied (discussion in next section). In addition to BCP, CPR and phenol red were also 
tried since those sulfonephthalein indicators are more soluble than BCP. During buffer studies, 
BCP shifted broadly (see Figure 28).  
Buffered indicators were imperative in showing the relationship between the effects of 
differing solubilities of sulfonephthalein indicators. Different pH buffers were considered and 
primarily run for BCP and CPR to determine the effects on solubility as the titrant became more 
basic. As mentioned before, the indicators are more hydrophobic in acidified forms and progress 
to more hydrophilic conditions as the solution becomes more basic. The more basic solutions are, 
the more soluble the indicator becomes. Indicators used, in the order of least to most soluble, 
were BCP, CPR, and phenol red. CPR did not show drastic shifting curves over time (as BCP 
had) and phenol red showed no shifting. Varying the volume of buffered indicator also has 
considerable effects. As the indicator volume is increased, the adsorption effects are more 
pronounced (refer to Figure 28 and Figure 29, specifically shown by an increasing of indicator 
measured). Adsorption issues will be further clarified in an upcoming section of this document. 
In addition, a higher pH was also calculated as more of the indicator came into the z-cell. This 
raised a slight cause for concern, because both solutions were made from the same pH 5 buffered 
solution and divided to make respective “standard” and “titrant” solutions. The cause of the 
increasing pH was unknown. One possible explanation is that the indicator is acidic, so when 
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added to the buffered solution, the buffering capacity was overtaken by the acid from the 
indicator. 
  
Figure 28. Freshwater BCP with the PEEK 1-cm pathlength z-cell at pH 5. Injecting 300 µL of 
buffered indicator used (on the left) and 750 µL buffered indicator used (on the right). The set of 
plots on the right show how BCP can concentrate over time as runs increase. Using a lower 
volume of indicator does not solve this issue as shown on the left set of figures.    
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Figure 29. Freshwater BCP with the PEEK 1-cm pathlength z-cell with pH 5 buffered solutions. 
Comparison between using 300 µL (red lines), using 600 µL (green lines), and using 750 µL 
(black lines) buffered indicator. As the indicator volume increased, the effects of adherence were 
more pronounced. Concentrations in these figured are in µmol/kg.  
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Figure 30. Freshwater BCP with the PEEK 1-cm pathlength z-cell at pH 7, injecting 200 µL of 
buffered indicator. This set of plots shows how BCP continues to shift over time, which raised 
the question of the cause of the shift. As more soluble indicators were used, this shifting trend 
was not observed. 
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Figure 31. Freshwater BCP with the PEEK 1-cm pathlength z-cell at pH 7. Comparison between 
using 200 µL (red lines), using 300 µL (green lines), and using 650 µL (black lines) buffered 
indicator.  
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As the indicator volume was increased, the effects of adsorption were also more 
pronounced, which was the trend for BCP at all pH values. However, there was more variation in 
the 200 µL buffered runs (bottom plot of Figure 30 and Figure 31, BCP difference between 
trials). Perhaps the indicator was not fully flushed out between switching the pH, causing the 
difference to decrease as volumes were increased and as more basic (pH 7) dissolved indicator 
from previous runs entered the solution (Figure 31). Multiple volumes were continuously used at 
the different pH values to show if the volumes would result in different effects. Even the basic 
form of BCP lacked stability between runs (Figure 32). While volumes over 100 µL move 
absorbances outside the preferred range, the trends (depicted in Figure 32) are representative of 
the patterns shown throughout testing of BCP. These patterns include increasing absorbance over 
time as more indicator is added and more variation between runs in the same set. Results seem to 
indicate that the solubility of BCP was inadequate even in its basic form.  
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Figure 32. Freshwater BCP with the PEEK 1-cm pathlength z-cell at pH 10. Injecting 50 µL (red 
lines), 100 µL (gold lines), 300 µL (green lines), 600 µL (blue lines), and 1000 µL (black lines) 
of buffered indicator.  
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explanation is a very slight difference between the buffered indicator and buffered standard due 
to the indicator added being more acidic. Another explanation is that the maximum absorbance 
for the basic form of CPR is 578 nm; 10 nm different from the LED used here of 588 nm. 
 
 
Figure 33. Freshwater CPR with the PEEK 1-cm pathlength z-cell at pH 4. Injecting 100 µL 
(bright red and blue lines) and 300 µL (maroon lines of buffered indicator).  
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Figure 34. Freshwater CPR with the PEEK 1-cm pathlength z-cell at pH 4. Same data as shown 
in Figure 33, but with slopes assigned to both (100 [bottom plot] and 300 µL [top plot]) back 
titrations. The similar slopes continue to show the similarities between CPR runs.  
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Figure 35. Freshwater CPR with the PEEK 1-cm pathlength z-cell at pH 10. Injecting 100 µL 
(top and middle plots) and 300 µL (top and bottom plots). In these plots, a less shifting and 
“stepping” were shown between titrations and over time. These two zoomed in ones show that 
the 100 µL indicator has more of a spread than using 300 µL indicator. Using 300 µL indicator 
has proven to be the ideal volume to use for the easyTMT when 500 µL of static mixing was 
incorporated.  
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increasing adsorbance. Adsorbance of indicator was extremely less in basic forms, promoting the 
idea of a solubility issue (Figure 35). There was also a consistent pattern with the flushed vs. the 
non-flushed system (Figure 36: stepwise titrations of pH 4 [to show variation between runs], 
Figure 37: pH 5, and Figure 38: pH 10). The 1 cm pathlength constantly proved better results 
than the 5 cm z-cell and was used after these comparisons for the rest of the titrations (Figure 39 
and Figure 40). The longer pathlength does have a larger surface area of PEEK which has more 
adherence issues with the indicators (more so an issue with BCP, but still a concern with CPR).  
Regardless, the shifting effect shown with CPR was consistently less severe than using BCP. 
Some indicator was left behind and not flushed out, which led to flushing the easyTMT system 
with NaOH, 18 MΩ water, and then flushed with standard before running any program. Flushing 
decreased the absorbance, signifying that indicator was stuck somewhere in the system, i.e. 
adsorption, but the NaOH increased solubility, desorbing the indicator from the PEEK surfaces.  
There was also a shift in time with the unflushed set of runs (Figure 40). This can be 
explained by having the buffered indicator taking longer to reach the z-cell which, again, brings 
up the why there was a delay. Flushing the system showed a consistent trend of increasing 
stability over time (or rather, over multiple runs) than without flushing with the trifecta of 
solutions. It seemed possible that adsorption was slowing down the indicator as it traveled to the 
z-cell. Further evidence of the adsorption issue is discussed below including the direct 
comparison between using a 1cm and 5cm pathlength z-cell (Figure 40). 
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Figure 36. This plot shows freshwater CPR with the PEEK 5 cm pathlength z-cell at pH 4 and 
injecting 300 µL of buffered titrant.  
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Figure 37. These plots show freshwater CPR with the PEEK 5 cm pathlength z-cell at pH 4 and 
injecting 300 µL of buffered titrant. The system was flushed with NaOH and MQ, buffered 
indicator solution (red lines) and not flushed with anything additional before the program was 
run (black lines).  
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. 
Figure 38. This plot shows freshwater CPR with the PEEK 5 cm pathlength z-cell at pH 10 and 
injecting 300 µL of buffered titrant. In the red set of runs, the full system was flushed with 
NaOH and 18Ω water, buffered indicator solution, and then ran. There was lower dispersion with 
the flushed (red lines) than the not flushed system (black lines).  
 
 
 
 
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
Ab
so
rb
an
ce
22020018016014012010080
Time from Start (Seconds)
588A
Flushed Runs
Not Flushed Runs
5 cm Pathlength
Pumps:
Flush and Ind.: Lee
Run Pump: Takasago
 
300μL Indicator
Chlorophenol Red
   with pH 10 Buffer
 
Flushed with NaOH
before runs
 
NOT Flushed with NaOH
before runs
69 
 
 
 
Figure 39. Freshwater CPR comparison between using the 1-cm and the 5-cm pathlength PEEK 
z-cell at pH 4 and using 300 µL of buffered titrant. The 1-cm pathlength (black lines) show 
lower dispersion than the 5-cm pathlength (red lines).  
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Figure 40. Freshwater CPR comparison between using the 1-cm and the 5-cm pathlength PEEK 
z-cell at pH 10 and using 300 µL of buffered titrant. The main difference was the 1-cm 
pathlength (blue lines) show a more consistent pattern over the set of runs when associated with 
the 5-cm pathlength (red lines).  
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Figure 41. The plot is of one wavelength, specifically the 434-nm, due to the pH of the acidified 
indicator during the buffer study. The plot was intentionally plotted over this range to highlight 
the variability between the different indicators. The set of lines on the top were phenol red, the 
wide dispersed data is BCP, and the close together lines towards the bottom were CPR. This plot 
clearly showed the vast differences between using each indicator. The more soluble the indicator, 
the closer the absorbances were which translates directly to precision.  
 
During all these buffer studies, BCP consistently did not perform as well as CPR or 
phenol red (refer to Figure 41). This was attributed to the differences in solubilities. Figure 41 
shows the central comparison between all three indicators: BCP, CPR, and phenol red. BCP has 
an immense stretch between each run of the set while CPR was much more compact and 
overlaps better. Phenol red was the most soluble indicator tested. The phenol red runs overlap so 
well that one run cannot be distinguished from the other runs. This further suggests an unknown 
interference or problem with the less soluble indicators, i.e. CPR and BCP.  
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Dilution Factor Studies 
 There was concern that during titrations, the dilution factor was not correct. 
Consequently, dilution factor studies were run to determine if the easyTMT was indeed giving a 
correct value. This means the original concentration of indicator in the bag should be equal to the 
concentration measured and calculated during the experiment. Various aspects of the 
experimental conditions were changed during the dilution factor studies such as the indicator 
used, the pH and concentration of the CPR titrant, the dilution factors over time, the use of a 
surfactant vs. no surfactant, and the studies with and without pumping during the measurements. 
BCP was used sparingly since it had already been shown to be problematic in the buffer studies 
and would only make the analysis more difficult.  
BCP did give results over the ideal dilution factor number 1. There was a large lapse in 
time between the testing of BCP and CPR indicators while the system was disassembled and 
reassembled a few times. The molar absorptivities used for the BCP dilution factor runs (Figure 
42) were calculated from data from before the easyTMT was taken apart. There were a quite a 
few occurrences during these BCP titrations where the alkalinity spiked to a higher value in the 
middle of the titration run set. This strange behavior had no clear explanation at the time. During 
the BCP dilution factor studies, a new hypothesis was formed. 
The puzzling behavior of slower indicator flow, mentioned earlier, and filtering the 
acidified titrant (discussed later), supports a hypothesis that BCP precipitates may be forming 
and constricting flow in the tubing while being pushed into the z-cell. In Figure 42, the few BCP 
dilution factor studies are shown. As shown, there was a spike in the dilution factor test plot with 
the 434 nm absorbance, but no spike in the 590 nm absorbance. Therefore, an air bubble can be 
ruled out as both absorbances would spike with the appearance of an air bubble. This has also 
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been shown in a few titrations where the calculated alkalinities are close, but there were one or 
two outliers and that corresponds to having odd 434 spikes, which can now be attributed to a 
precipitate coming in. The dilution factors being over 1 can also be contributed to the molar 
absorptivities changing from the z-cell and system being taken apart and not re-measuring the 
molar absorptivities. Dye lot differences could also have an effect (Martz 2005).  
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Figure 42. Dilution factor study plots of BCP in freshwater conditions. Data that supports the 
precipitate idea passing through, shown by the spike, was observed in only one of the 
absorbances. The absorbance was the 434 nm, which is the acidified form of BCP and this study 
was ran at a pH of 2.44. Red lines represent the first day the BCP titrant solution was made and 
the blue lines show running the test 13 days after the BCP titrant solution was made.  
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Dilution factors were more easily studied with CPR, due to the indicator’s better 
solubility and better performance in both the buffer studies and initial titration run. The precision 
and reproducibility shown with CPR was much closer to what was expected from the easyTMT. 
A few components were tested to attempt at understanding how the indicator interacted with 
itself in the storage bag. It was expected that the more basic and the less concentrated the 
indicator titrant, the better (closer to 1) the dilution factor would be. This was indeed shown to be 
the case on the bottom plot of Figure 43 suggesting but not establishing that concentration may 
be a more important variable than pH. This will require further study. Another idea that was 
tested was changing the z-cell material from PEEK to Delrin, and will be discussed later in the 
adsorption section. 
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Figure 43. Four indicators were tested with the dilution factor studies to determine the different 
effects of changing the pH and/or concentration on the dilution factor. CPR showed more 
promise of keeping a dilution factor closer to 1 over time. The green and red lines were for the 
more basic and less concentrated CPR titrant solution while the purple and black lines are more 
acidic than green, but very similar concentration.  
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progressive downward shift as time passed from when the indicator was bagged, and ran for the 
first time (shown by red and blue lines in Figure 44).  The dilution factor started at 0.97 and 0.98 
for CPR and CPR with SDS, respectively. Over the 10 days, the dilution factors decreased to 
about 0.89 and 0.86 for CPR and CPR with SDS, respectively. There was quite a bit of drift 
shown in the green lines both with and without surfactant. This caused concern due to the need 
of an accurate and precise dilution factor to stay the same for consistent, precise results over 
time. This was one of the primary reasons for poor precision in titrations, and was even more 
pronounced for BCP.  
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Figure 44. Differences in dilution factor runs with and without using SDS surfactant with CPR 
titrant. As time passed, the dilution factor decreased.  
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Figure 45. Four CPR different indicator concentrations were tested with the dilution factor 
studies to determine the different effects of changing the pH and/or concentration on the dilution 
factor. Yes, absorbances are quite high in the top figure, but for comparison of dilution factor 
and keeping all run conditions the same, the data was kept and shown here. CPR showed more 
promise of keeping a dilution factor closer to 1 over time. The green lines were for the more 
basic and less concentrated CPR titrant solution while the purple lines are more acidic than 
green, but very similar concentration. 
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acidified indicator, and no pumping to refresh what was in the z-cell, a downward trend was 
shown. This suggests that there was precipitation over time. This trend was not seen when 
pumping the system with indicator, stopping, and then taking a measurement (Figure 46). 
Regardless, there were still some unresolved trends while measuring the dilution factors over 
time, leading into more solubility testing.  
 
 
Figure 46. Dilution factor studies with and without pumping show how the indicator responds in 
stagnant and fluid replacement conditions between measurement points.  
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Solubility and Precipitation Issues 
 Solubility and precipitation issues are not new to developing systems using TMT 
technology, especially for instruments used for measuring alkalinity. The SAMI-Alk system 
originally started with bromocresol green (BCG). BCG had many issues including precipitating 
in the tubing lines and in the bag (Martz 2005). Precipitation was not the sole cause of variation 
in the SAMI-Alk. Molar absorptivity ratios between two dye lots of bromocresol green were also 
found to be different. These variations may point towards impurities including under-brominated 
sulfonephthalein precursors of BCG, such as m-cresol purple (Kolthoff, 1937). Due to these 
difficulties, there is limited published information about molar absorptivity values. Over the 
course of developing the easyTMT, a continuing source of imprecision was that the molar 
absorptivities can only be found with high accuracy for a single indicator dye lot (Martz 2005). 
They must be re-determined for each lot of dye on the specific instrument on which it is used for 
absorbance measurements. A contributing situation that could present a problem are impurities in 
the BCG or BCP, as the indicator was changed to BCP after finding the problems with BCG. 
Both are known to contain small amounts of lower brominated material. While these do not 
change the transition interval enough to lessen its use as a pH indicator (Martz 2005), it could 
change the absorbance spectrum slightly and cause variations in molar absorptivity directly 
correlating to the precision of the measurement. Indicator effects are also shown by changing the 
ionic strengths of the solutions used.  
Salinity affects the solubility of the indicators used by the easyTMT. The initial set-up and 
testing was solely standards and titrants with sodium chloride backgrounds.  Saltwater has higher 
ionic strength than freshwater, promoting an environment conducive to solubilizing more ionic 
species in solution, including the indicators. Salinity is well-known to increase the solubility of 
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hydrophobic compounds in water (Whitehouse 1984; Tremblay et al. 2005). Solubility effects 
should have been expected when transitioning from saltwater to freshwater, but there is no 
published research comparing sulfonephthalein indicators in the varying ionic situations. 
However, experiments further showed the lack data crossover between the saltwater and 
freshwater titration conditions (Figure 47 and Figure 48). 
The goal of this research was to develop a freshwater easyTMT system. Early experimental 
results with saltwater solutions did not correlate to results with freshwater solutions, even with 
the same experimental set-up. The research conducted with saltwater was inadequate for 
understanding the system with freshwater solutions. Removing salinity changed the molecular 
interactions in the prepared solutions and therefore required adjustments in the concentrations of 
indicator. Solubility was reduced with freshwater solutions due to the low ionic strength. As part 
of the method development, factors to consider were BCP concentration adjustments and 
hydrochloric acid dissociation differences due to the ionic strength effect. The primary reason for 
initially running solutions with sodium chloride backgrounds was that saltwater alkalinity values 
are better understood from ocean acidification research, where high ionic strength is always 
present. For consistency, the same system set-up was compared between saltwater and 
freshwater (Figure 47). 
These titrations were performed identically except for the use of saltwater backgrounds 
versus freshwater. The freshwater titrations did have a higher alkalinity which would have 
required more acid to neutralize it, but the trend should have been closer than what was shown in 
Figure 47 and Figure 48. Saltwater had considerably better reproducibility, not only in this 
comparison, but overall, when comparing with the freshwater BCP system. Freshwater titrations 
were much more variable compared to saltwater. One explanation for this is that BCP in 
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freshwater is less soluble, leading to the possibility that the insoluble indicator did not fully react 
causing the titration to be shorter, ie. giving inaccurate dilution factors. The saltwater titration 
actually reaches beyond the dilution-factor theoretical endpoint of 0.72 while the freshwater 
titration comes in well below the theoretical endpoint of 0.68. These differences show solubility 
differences as more indicator was seen with the saltwater titration than the freshwater titration. 
Freshwater BCP was less soluble and was more apt to adhere onto the material surfaces, which 
prevented more indicator being measured in the z-cell.  
Time plots of the saltwater and freshwater titrations proved to be vastly different than what 
was seen in the titration dilution factor plots (Figure 47). In Figure 48, there are adjusted time 
plots to better compare titration trends, and actual time from start plots to show the striking 
differences between the two sets of titrations. With the adjusted time plots (left, Figure 48), the 
back edges line up fairly well in the pH vs. time from start. The differences are throughout the 
rest of the data. The saltwater titration has higher absorbance values and a higher dilution factor, 
further supporting that there is a lag of indicator somewhere in the freshwater titration system. 
Vast changes in the actual times (right, Figure 48) between freshwater and saltwater titrations are 
a conundrum. The only difference between the systems was the Tektron pump that was used, 
because the pump in saltwater titrations—which had a larger adjustable volume range—broke. 
Pumping 5 µL (saltwater) versus 10 µL (freshwater) would not cause that drastic of a time 
difference; the titration timing might be doubled, but not extend as far as shown (left plots, 
Figure 48). 
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Figure 47. Titration dilution factor plots of freshwater solution (black lines) versus saltwater 
solution (red lines) titrations. These plots show a difference in response of mixing the solutions 
over time.  
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Figure 48. Time plots for freshwater solution (black lines) versus saltwater solution (red lines) 
titrations. The plots on the left depict adjusting the time scales so both back titrations would 
overlap for direct comparison; the plots on the right are the actual time from start of the titration 
(seconds).  
Beyond the theory that adsorption onto materials was causing many of the problems was 
the demonstration that solubility was also a big problem when indicator precipitates were found 
in the bagged titrant. This was a major concern and should continue to be monitored during 
further development of the easyTMT. While attempting to discover the variances of why the 
dilution factor was changing over time, in combination with precision issues of the system, the 
idea of filtering the indicator through micron filters came to the forefront. Filtering was 
completed using three sizes of Whatman glass microfiber filters with pore sizes of 11 µm, 2.5 
µm, and 0.7 µm (Control Numbers: 1001-070, 1442-055, and 1825-025, respectfully) with a 
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syringe to force solution through the small pore sizes. After filtration, the paper was placed onto 
a microscope for inspection for particulates. Pictures were taken through the microscope with a 
camera directed over the microscope’s eye-piece. Results showed a variety of precipitate sizes 
from each filtration. Precipitates were identified as portions of indicator because when subjecting 
the particles to basic conditions (squirting with NaOH), they switched from yellow (acidic) to 
purple (basic). This reaction was too quick to capture on film and the purple dissolved quickly 
into the filter paper. CPR precipitates were not visible to the same tests though this is not proof 
that they were not present. 
Initially, the 11 µm filter paper was used first, followed by the 2.5 µm filter paper (Figure 
50 and Figure 51). After seeing some larger precipitates, and believing that some were getting 
stuck in the 11 µm filter paper, the 0.7 µm filter paper was solely used. A plethora of precipitates 
were shown in the limited sample left. Both freshwater and saltwater BCP titrants showed 
precipitates, but more were observed from with freshwater. This was taken as an explanation for 
why data is not reproducible over time, using the same titrant bags and conditions for titrations. 
Titrations show that the titrant concentration was changing, and precision was directly affected 
over time as reported in the titration section, especially in Figure 49. Essentially, a lower (more 
acidic) pH and higher titrant concentrations led to the observed adsorption, DF decreases over 
time, and precipitation. When the lab manager conducted an independent BCP dilution factor 
study (Figure 42), he did not see the precipitation issue and the extent of kinetics and mechanics 
of the precipitate formation was still not completely understood. However, when that same data 
was reproduced 13 days later, a 434 nm intensity spike was shown, strongly suggesting a piece 
of indicator did elute through the system.  
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Figure 49. CPR freshwater titrations did show titration drift, just as BCP titrations did. However, 
the extent of the shifting over time was much smaller, especially evident in the time plots on the 
right. The first set of titrations (red lines) were run and the front titration gave an average 
alkalinity of 1169 ± 7 µmol/kg. The second set of runs (green lines), were run and analyzed six 
days after the initial red runs. This set of runs, six days later, had an average alkalinity of 1130 ± 
10 µmol/kg. The alkalinity went down and the standard deviation grew. Both results were most 
likely from the indicator changing its concentration; the less indicator seen and measured by 
absorbance, the smaller the alkalinity number will be over time since the indicator was used as 
the tracer of the acid. Not only did both days have the same solutions and conditions, but 1/8” 
HPFA tubing (the most inert substance of the mixing materials) was used. The faster the 
experimental tests were conducted, the better the standard deviation of the easyTMT. 
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Figure 50. Freshwater BCP titrant bag, filtered with 11 µm filter paper, after five months of 
being bagged. Circles indicate the large precipitate on the paper.  
 
Figure 51. Freshwater BCP titrant bag, filtered with 2.5 µm filter paper, after five months of 
being bagged. This was a sequential filtration after the 11 µm filtration in Figure 50. Circles aid 
in pointing out the large precipitates on the paper 
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Figure 52. Freshwater BCP titrant bag, filtered with 0.7 µm filter paper, after seven months of 
being bagged. The image on the left is the full-sized filter paper and the image on the right is a 
zoomed-in picture to help in seeing the tiny precipitates. These precipitates were much more 
abundant and can account for larger changes in the studies performed.  
 
Solubility and precipitation issues were seen with the easyTMT that were not observed 
on the SAMI-Alk due to scale. The microliter scale of the easyTMT versus a milliliter scale of 
the SAMI-Alk results in much greater sensitivity to even minor variations. In contrast, the 
SAMI-Alk has 1/8” OD tubing coming from the indicator bag which allows more of the 
precipitates (if present) to come into the 3-mL stirred optical cell. If these precipitates do exist in 
the SAMI-Alk system, the precipitates may not be seen due to them floating higher than the 
optical window and/or being re-dissolved as the solution in the cell becomes more basic during 
the flushing routine. The benchtop alkalinity system has 1/16” tubing which may prevent some 
precipitates getting through, but irreproducibility can also come from a micro-sized precipitate 
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slipping into the system and causing a spike in absorbances and calculated alkalinities as 
depicted in Figure 42.  
 
Additional Adsorption Issues to Rectify 
Changing mixing materials  
The time for the indicator to reach the z-cell should be the same if the compared mixers 
are the same volume. However, different mixing materials have showed drastic effects 
depending on when the indicators enters the z-cell for detection, although the materials were the 
same volume (Figure 53). The Analytical Scientific Instruments static mixer showed the fastest 
transit time out of all the mixers, even though the mixing units were a standard 500 µL in each 
mixer. The reasoning behind this was never determined. A hypothesis was, again, the adsorption 
issue; because, the Analytical Scientific Instruments static mixer mixed solutions were measured 
first, then solutions run through the HPFA tubing were measured, and then solutions run through 
the PEEK tubing were measured. The Analytical Scientific Instruments static mixer is a 
combination of PEEK and stainless steel, but is the most compact, with less surface area to 
which the indicator might adhere. The HPFA tubing consistently seems to be more “slippery” 
than its PEEK counterpart. Indicator came into the z-cell using the 500 µL portion of PEEK 
tubing, which gave the indicator a larger surface area which to adhere over the Analytical 
Scientific Instruments static mixer. The volumes were the same between the two PEEK 
composites, but the paths of the solutions were significantly different (data shown in Figure 53).  
The differences in Figure 53 may have also been a combination of adsorption to the 
mixing materials and precipitation of the indicator in the titrant bag. Effects of the precipitation 
increase over time as the indicator settles out. However, this could be from a multitude of factors 
such as the pH to indicator concentration ratio, hence suggesting the use of a longer pathlength. 
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Both of these issues present problems as the entire concept of TMT rely on knowing the titrant 
concentration in the bag. Pump studies were also conducted to eliminate the solenoid pump from 
being the issue; elutent from ten pumps was captured, weighed, and analyzed, and the results 
show that the pump was not out of specification. 
 
Figure 53. Stacked plots comparing three different mixers, all the same volumes. The top plot 
was 1/16” OD, coiled HPFA tubing; middle plot was an Analytical Scientific Instruments static 
mixer; and the bottom plot was with a section of coiled PEEK tubing. All tests were done 
directly after each other.  
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HPFA (perfluoroalkoxy alkane) has a different molecular structure than PEEK as shown 
in Figure 54.  
 HPFA          
Figure 54. Chemical structures of HPFA and PEEK. Both materials were used for the static 
mixers.  
PEEK tubing showed more adsorption issues than HPFA tubing did. PEEK tubing was 
less polar while HPFA was more polar and is a Lewis Base. This is why in titrations using PEEK 
tubing, there is a larger separation of the dilution factor curves (especially noted in the pH vs. DF 
curves). PEEK was adsorbing more indicator than HPFA.  
The slight difference in height profiles when looking at the absorbance vs. time plots 
relate to the changing linear profile of the slug. The height profile of PEEK tubing is different 
due to the addition of adsorption. While adsorption may be occurring with the HPFA tubing, it is 
a much bigger issue with PEEK.  
The top plot used HPFA with 1/16” inch OD tubing. The linear flow profile is different in 
1/8” OD tubing compared to 1/16” OD tubing. The flow in both sizes would be mostly laminar, 
and the fact still holds true that the center of the solution moves twice as fast as the solution near 
the walls. There is a difference due to the spreading of the indicator slug when the back titration 
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is taking place. This trend is more noticeable with PEEK due to the increased adsorption on the 
non-polar walls. 
Also, the areas under the absorbance vs. time curves were unalike. The front titration had 
an area of 10.6 while the back titration had an area of 8.8 (bottom, Figure 53). Therefore, the 
front titration had more indicator compared to the back titration. The tailing of the back titration 
reaches a flat line not quite at zero, but the absorbance is below 0.1. This could be the remnant of 
the indicator coming through as the indicator plug spread out more than in the front titration.  
With the HPFA tubing, there was less separation between the front and back titrations in 
the pH vs. dilution factor plots (Figure 56). However, one issue that continued to come up was 
the different pH values with the same dilution factor value. A further complex problem was that 
the titration trend switched at 0.70 dilution factor. For example, in Figure 56, the beginning of 
the titrations had a dilution factor of 0.40; the front titration had a higher pH value than the back 
titration at this point (top plot). Then later in the entire titration run, the back titration had a 
higher pH value at dilution factor values of 0.55 to 0.70. At the endpoint, the back titration 
actually showed more indicator than the front titration did. Using PEEK tubing further separated 
the dilution factor by creating more of an adsorption issue and different flow profile, while the 
smaller OD HPFA tubing had less of an adsorption issue and more of a profile/flow gradient 
difference between the back and front. 
The way TMT works is the indicator serves as the tracer in the titrant and is directly 
correlated to the proton concentration in the titrant. This pH difference was a cause for concern 
and one reason why the dilution factor studies and buffer studies were performed to help 
understand in how the indicator was changing with respect to the pH of the titrant. This problem 
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was not fully solved, but more was found out about the issues to help rectify the problem with 
more research.  
The dilution factor vs. time from start (seconds) plot (Figure 55) displayed differences 
between the three different mixing materials as described in Figure 53. As expected, due to the 
significant differences in timing of the indicator hitting the z-cell and exiting it, the dilution 
factor titration plot was affected. The largest curve was PEEK tubing; at that point, before 
adsorption was known to be an issue, PEEK was determined to be the best material for titrations 
because it offered the largest number of data points in the titration region for calculating 
alkalinity values. Looking back at this data, one can see the drift in the PEEK tubing and realize 
that HPFA tubing would have been better. The issue with the HPFA tubing was the size. 1/16” 
OD presented many fewer data points to calculate alkalinity values. The pump caused the 
titration to blow through the area of interest due to one pump pulse moving fluids farther in 
smaller tubing. Furthermore, due to the pump pushing fluid in the smaller tubing at the same rate 
as the larger tubing, there were only two points able to be used for NLLS (Figure 56). New 1/8” 
OD HPFA was acquired and explored to compare against the PEEK, 1/8” OD (Figure 57). 
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Figure 55. Illustrating the dilution factor vs. time from start (seconds) plot shows differences 
between the three different mixing materials and geometeries as described in Figure 53. The 
dilution factor titration plot was affected from the various absorbances. The widest curve was 
PEEK tubing (green), second was the Analytical Scientific Instrument static mixer (red), and the 
tallest and most narrow was the HPFA tubing (black). All mixer volumes were 500 µL. 
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Figure 56. The front titration (red) was higher in pH, then switches to have a lower dilution 
factor and slightly more acidic solution towards the end of that run than the back titration 
(black). Also, the lower right corner has four points corresponding to the 4 back titrations that 
could be used for the NLLS alkalinity calculation (out of 10 titration runs).  
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 Comparing 1/16” OD HPFA and 1/8” OD PEEK tubing was challenging due to the 
distinctive flow profiles of each. Therefore, 1/8” OD HPFA and 1/8” OD PEEK were compared 
instead, since the only difference was the material. The distinction of materials was clearly 
shown (Figure 57). HPFA tubing showed higher absorbances, higher dilution factors, and overall 
more consistency between titration sets by having a standard deviation for alkalinity of 6 
µmol/kg for the front titration. The front titration should be the set used under the titration 
conditions run. With PEEK tubing, only four out of the ten titrations were usable due to the 
absorbances being too low. Surprisingly, the PEEK tubing gave a standard deviation for 
alkalinity of 7 µmol/kg for the front titration but this data was gathered from two fewer runs than 
the six runs used to determine the alkalinities with HPFA. Overall, HPFA proved to be the better 
material for experiments using the easyTMT, but the comparison between the two different 
HPFA tubing sizes was needed. 
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Figure 57. The only modification between the plots was the mixing materials. Both sets of 
titrations used 1/8” OD tubing, HPFA (navy blue) and PEEK (gold), and both titration sets were 
run on the same day, within hours of each other. This clearly demonstrates the influence of 
tubing material on titrations. 
Comparing PEEK and HPFA was important because 1/8” OD PEEK tubing was the 
regularly used mixing material by the easyTMT and was being compared to 1/16” OD HPFA 
tubing, as previously mentioned. Compiling a comparison between 1/16” OD HPFA and 1/8” 
OD HPFA tubing was necessary in order to more clearly understand the flow profiles between 
the two sizes of tubing while maintaining the same material, HPFA (Figure 58). Some of the 
most significant mixing material studies were explained in this section, but more titration studies 
comparing mixture materials are shown and explained in the later Supplementary Information. 
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Figure 58. Comparing 1/8” OD HPFA tubing (red and green) and 1/16” OD HPFA tubing 
(black) showed a few dissimilarities. Red titrations were run first, then green, and then black. 
The best alkalinity standard deviation was 7 µmol/kg in the red set of titrations. Starting with the 
left plots, there was a wider spread between the front and the back titrations using the 1/16” OD 
HPFA tubing. This suggested that using 1/16” OD HPFA tubing results in poorer mixing than 
using the 1/8” OD HPFA tubing. The time plots on the right further substantiate this idea by the 
absorbance plot having higher peaks for the 434 nm, signifying that more indicator was in the 
acidified form. The bottom right plot shows the difference in CPR concentration between the 
titration runs over time, and the 1/16” OD HPFA tubing did demonstrate the smallest difference. 
However, this was attributed to poorer mixing than the 1/8” OD HPFA tubing, allowing for a 
similar titrant concentration profile between titration runs. As mentioned in Figure 1S, titration 
patterns do change over time, even in as little as three days. However, differences seen here were 
more extensive than day-by-day variance. 
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Changing the Z-cell  
Changing Material (Delrin vs. PEEK) 
 
Figure 59. Delrin (blue and dark blue) versus PEEK (red and maroon) titrations show the impacts 
of the material difference on the titration replicates. The molar absorptivities affect the dilution 
factor and pH numbers, but the absorbances stay the same. Therefore, looking at the top right 
plot, the materials can be directly compared. Delrin had lower absorbances compared to PEEK, 
which suggests that over time, Delrin also adsorbs less. 
 
The stirred SAMI-Alk optical cell is machined from black Delrin. (Delrin is a trade-name 
for acetal or polyoxymethylene – POM). The benchtop system in this paper used a z-cell made 
from PEEK tubing. Tests have shown issues with adsorption of indicator over time, specifically 
with PEEK tubing. Having a z-cell made of this material could also be problematic. To test this 
an old, Delrin, 1-cm pathlength prototype was used in place of the 1 cm PEEK z-cell (Figure 59 
and Figure 60). The results did show that Delrin performed better in terms of less adsorption 
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showing more compatibility and effectiveness over time. However, molar absorptivities and 
coefficients were not found for the Delrin; therefore, values could be off. The top plot of (Figure 
60) shows the influence of not pumping the system (no replacement of the indicator in the cell 
per measurement) versus the bottom plot, which shows the influence of pumping. No pumping 
showed different results, with the PEEK z-cell drifting more over time. Delrin did not show as 
much dilution factor drift during the study, especially when using the CPR with SDS (black 
lines). There was still some drift with both materials using only CPR (gray lines [Delrin] and 
blue lines [PEEK]); that suggested that CPR does indeed still have effects with Delrin. CPR 
could still be precipitating, although at a much lower rate than BCP. 
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Figure 60. Delrin versus PEEK z-cell material composition comparison used a dilution factor test 
to remove alkalinity standard effects and solely focus on how the indicator interacted with the 
easyTMT. The top plot shows results of no pumping while the bottom plot shows results of 
pumping between measurements. Uses of both CPR alone and CPR with surfactant, SDS, are 
displayed. Lines in the plots are represented by the following: PEEK with CPR (blue), PEEK 
with CPR and SDS (red), Delrin with CPR (gray), and Delrin with CPR and SDS (black).  
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Totally Stirred SAMI-Alk Optical Cell vs. “Puddle”  
 
Figure 61. These plots represent data from totally stirred optical cell (red) versus not stirred 
(“puddle mixing,” blue) using the SAMI-Alk, 3 mL Delrin, optical stir cell. These plots all show 
irreproducibility, even with a totally stirred optical cell. The molar absorptivities used were for 
the SAMI-Alk cell and not the ones found for the 1 cm z-cell.  
 There was a theory that the easyTMT system should work like the SAMI-Alk, if the 
systems had the same mixing conditions. However, the easyTMT still did not prove very 
effective with reproducibility and precision in replications. Figure 61 and Figure 62 display the 
results of using the SAMI-Alk, 3 mL, totally stirred optical cell. Figure 61 shows the slight 
differences between stirring the optical cell completely versus not stirring the cell at all; results 
were surprisingly similar. Figure 62 indicates that there were still changes between titrations in 
the set. The plots on the left (Figure 62) show the effect of minimal mixing because there was no 
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mixing besides diffusion and turbulent flow from the pump pushing in solution into the optical 
cell. These no-mixing plots showed similar trends to those showing the results of using static 
mixing; the pH vs. Time from Start plot (middle, left, Figure 62), showed the pH becoming more 
acidic as more titrations were run. With the total mixed system (right plots, Figure 62), the 
stepping or shifting shown on the unmixed plots is not shown.  
 
Figure 62. The left set of plots were from using the SAMI-Alk optical cell without being 
completely stirred (left) versus being stirred (right). This data was the same data as in Figure 61, 
but split into sequential runs. The first run was red and the last was purple. 
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CHAPTER 4 
Conclusion and Future Directions 
  
Overall, the easyTMT system has not been easy to understand, but a great deal of 
research was completed to highlight the problems. Starting with a system using BCP with 
saltwater, we progressed to freshwater and discovered solubility issues with BCP.  We then 
looked at the more soluble CPR as a replacement for BCP and examined whether a surfactant 
disrupts indicator interactions and found that 5% w/w SDS improved performance. Buffer 
studies pointed to the more soluble indicator being needed, though drifting dilution factors show 
that the system still has issues that need to be overcome. The easyTMT system will require more 
work to become a viable instrument. Component materials, volume changes, and indicator 
selection all impact system precision and despite a great deal of work further tuning is needed.  
The easyTMT was shown to have a few specific issues that need to be further 
investigated. Deciding on the optimal static mixing volume and material is important, of course. 
In the CPR titration studies, 1/8” OD HPFA and 1/8” PEEK using SDS surfactant had the best 
alkalinity standard deviations. The volume of indicator should be optimized before studying 
mixing. Injecting 50 µL into 500 µL of mixer creates a different flow profile than 100 µL into 
500 µL. The same titrant pump volume with a different static mixing volume has a large effect 
on how the liquids mix. Although this should have been evident before constructing the 
easyTMT, the effect was unanticipated and caused further questions to arise.   
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Indicator volume may need to be adjusted to reliably obtain usable absorbances, but this 
will affect mixing conditions and flow profiles due to the larger or smaller injection of indicator; 
similar differences arose when dealing with the hydrogen concentration of the titrant. Low pH 
and high indicator concentrations led to four main results.  
1. BCP titrant showed a difference in absorption levels between the front and back 
titrations. The front titration peaks were consistently higher and had a larger area 
under the curve in the absorbance vs. time plots than the back titrations.  
2. The dilution factor decreased over time; the extent was unknown. Better 
understanding of the kinetics or mechanics of the reaction is needed.  
3. Precipitation of the indicator was seen when filtering bags of indicator which had 
sat for a variable amount of time. Ensuring a stable solution is still needed. 
4. Acid and/or indicator gradients may exist in the optical cell causing inaccurate 
measurements. All these variables affect the easyTMT and made the development 
process more challenging.  
These intertwined variables make it difficult to eliminate single factors that affect the 
system since it is almost impossible to vary one factor in isolation.  A few general observations 
can be made, however.  Overall, front titrations were more reproducible. This became clear after 
the old Takasago pump was eliminated and the minimum stroke volume rose from 6 µL to 10 
µL. Front titrations also did not have as much drift compared to back titrations. 
 A significant amount of research is still needed to fully understand and develop this 
alkalinity titration system. There are a few directions that have not been explored or could add to 
the existing research. Once the precision of the system is further honed, the easyTMT response 
to differing alkalinity standards and differing pH will be vital in understanding how and whether 
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the system will be able to respond to changing environmental conditions. Another helpful 
equipment option would be employing a solenoid pump with a stroke volume less than 10 µL. 
Currently, solenoid pumps of these types do not exist in a form that can be used in-line with the 
easyTMT. Having the smaller pump would enable longer mixing time and more diffusion, 
leading to longer mixing times, and more points in the useable range for calculating alkalinity 
values.  
 Supporting tests to be included in future work include finding the molar absorptivities of 
the 1 cm pathlength Delrin z-cell and the 5 cm pathlength PEEK z-cell. These values could 
change the dilution factor and pH values; therefore, the resulting data may differ from the data 
above. In changing aspects of the system and finding constant values, the indicator must also be 
focused on and studied more by fully characterizing the indicators (more specifically CPR) and 
differences in dye-lot molar absorptivities. 
 Adding SDS as a surfactant to the indicator showed a capability to mitigate adsorption 
issues. However, only a 5% w/w concentration of SDS was used to prepared indicator weight 
was used in studies. A higher percentage of SDS may in fact remove the effects of adsorption or 
the molecular interactions. Molar absorptivities were also not run using solutions with the SDS 
background and may also shift dilution factor values, likely for the better. Dilution factor tests 
showed that by using SDS, the dilution factor was more consistent and constant as time passed. 
The surfactant is theorized to act by disrupting molecular interactions with the indicator. 
Therefore, the more consistent dilution factor trend should be the same, but values will shift 
depending on the molar absorptivity values of CPR with SDS surfactant. 
 Another way to solve the problem of different alkalinity and pH systems is to use 
different indicators for various locations. One method of implementing this is to connect a multi-
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port valve to many bags of indicators varying in pH, pKa, and type of indicator, allowing task-
based selection of reagents. Some commercial instruments have specific indicators for specific 
alkalinity ranges. These instruments include the HANNA Mini Titrator (Model Number 
HI84531-0)1 and the HACH APA6000 Alkalinity Analyzer (Model Number 5100010); these use 
different indicators for different ranges of alkalinities and pH values in prospective samples. 
 To move forward with developing the easyTMT benchtop system, the identified 
problems and characteristics must be taken into account. Static mixing was demonstrated to work 
with this titration system, and more changes will allow the easyTMT to achieve full automation 
and make it effective for on-line monitoring systems, the initial goal for use. The effect and 
timeliness of automating the system using static mixing yet to be determined, but mixing may 
have to take place in a total mixed cell for automation to work efficiently in commercial and 
industrial applications.  
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Supplementary Information  
 
 
Figure 1S. Titrations were monitored over the course of eight days after the titrant was made and 
bagged. The first set of titrations was run the same day the titrant was made (red), the second set 
of runs was three days after (green), and the last titration was run eight days after the titrant was 
made. The titration dilution factor plots (left) showed the most change. Absorbances were more 
clearly shown to decrease over time. The time plots (left) also showed a slight change in 
absorbances between the three sets. Over time, the alkalinity standard deviations increased, 
starting with ± 15 µmol/kg, then ± 28 µmol/kg, and the last run increased to ± 58 µmol/kg. The 
precision of the instrument was the focus during development. 
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Figure 2S. All three titrations displayed here used a different mixing material, but all had a 
mixing capacity of 500µL with 500µL of CPR titrant. The three sets of titrations were 
represented by Versilon, 1/8” OD coiled tubing (gold lines); HPFA, 1/16” OD tubing (blue 
lines); and PEEK, 1/8” OD coiled tubing (black lines). Versilon was used in place of HPFA, 1/8” 
OD coiled tubing, due to the lapse in time between ordering the HPFA material and receiving it. 
The HPFA titrations continuously depicted similar trends when compared to PEEK and the 
Versilon tubing, including more reproducible curves and higher absorbances. These results 
further demonstrated that HPFA was a more suitable material to use for titrations, but that 1/8” 
OD was preferred for mixing.   
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Figure 3S. All three titrations displayed here used a different mixing material, but all mixers had 
a capacity of 500µL with 300µL of CPR titrant. The three sets of titrations were represented by 
Versilon, 1/8” OD coiled tubing (red lines); HPFA, 1/16” OD tubing (green lines); and PEEK, 
1/8” OD coiled tubing (purple lines). These plots were similar to Figure S, but the difference in 
titrant volume added retention time of the acidified indicator for better mixing, leading to a better 
standard deviation for the HPFA tubing. 
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Figure 4S. Material mixing comparisons continued using titrations. These titration runs show 
more clarified trends of the 300µL plots illustrated in Figure 3S. 
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Figure 5S. Freshwater CPR titrations are shown above. These titrations used 1/8” OD PEEK 
tubing but compared the use of 300µL (gold lines) and 500µL indicator (black lines). No 
surfactant was used in these titrations. Using 500µL of titrant resulted in a lower standard 
deviation. The data suggests that saturation of the system aided in improving standard deviation. 
However, this was not always the case in other titrations. Beyond these titrations, CPR with SDS 
surfactant was imperative to maintain reproducibility over time and between titration runs in sets.  
 
 
 
 





$
EV
RU
ED
QF
H
7LPH6HFRQGVIURP6WDUW




S+

7LPHIURP6WDUW6HFRQGV




'
LOX
WLR
Q
)D
FW
RU

7LPHIURP6WDUW6HFRQGV[





>
&
3
5
@'
LII

7U
LD
O1

7
ULD
O

P
RO
N
J


 
7LPHIURP6WDUW6HFRQGV
3((.Bȝ/&35
3((.Bȝ/&35
3((.Bȝ/&35
3((.Bȝ/&35
3((.Bȝ/&35
3((.Bȝ/&35





$
EV
RU
ED
QF
H

'LOXWLRQ)DFWRU




S+
 
'LOXWLRQ)DFWRU
3((.Bȝ/&35
3((.Bȝ/&35
ȝ/&35ȝ/
+3)$
,QGLFDWRU
>&35@ HPRONJ
>+@ HPRONJ
S+ 
>$/.@ ȝPRONJ
7KU(QGSW 
)URQW
>$/.@ ȝPRONJ
>',&@ ȝPRONJ
)URQW
>$/.@ ȝPRONJ
>',&@ ȝPRONJ
%DFN
>$/.@ ȝPRONJ
>',&@ ȝPRONJ
3((.Bȝ/&35
3((.Bȝ/&35
117 
 
 
  
Figure 6S. Freshwater CPR titrations are shown above. These titrations used 1/16” HPFA tubing 
and compared using 300µL (red lines) and 500µL indicator (blue lines). Here, using 300µL 
resulted in the lowest standard deviation. Saturating the system with 500µL indicator did not 
cause a large difference in the titrations. In fact, 500µL indicator only increased the absorbance 
values and shifted the titration to happening sooner. The titration dilution factor plots (left) 
stayed almost the same.  
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Figure 7S. These plots show CPR titrations with freshwater using HPFA tubing with two 
different OD sizes, 1/16” (red lines) and 1/8” (blue lines). The comparison was important since 
most of the titrations performed with HPFA were with 1/16” OD and the 1/8” OD tubing was a 
new size of HPFA to run. The 1/8” OD tubing did prove to be more effective overall with 
titrations; this set of runs had an alkalinity standard deviation of 6 µmol/kg while 1/16” OD had a 
standard deviation of 47 µmol/kg. There was still some shifting in the back titrations, but as 
previously mentioned, the front titrations are the more important runs for analysis.  
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Figure 8S. These plots present freshwater titrations with CPR (black and blue lines) and CPR 
with SDS surfactant (gold and red lines). PEEK tubing used with CPR and SDS surfactant 
proved to be a reliable way to run the easyTMT system. Therefore, experimenting using HPFA 
tubing with CPR combined with SDS surfactant should have given better results than PEEK. 
However, the important difference between these runs and the PEEK runs were the tubing OD 
sizes. These HPFA plots used 1/16” OD while the PEEK always used 1/8” OD tubing, both 
500µL in volume.  
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